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ABSTRACT
Eight different color appearance models were tested using pictorial images. A
psychophysical paired comparison experiment was performed where 30 color-normal
observers judged reference and test images via successive-Ganzfeld haploscopic viewing
such that each eye maintained constant chromatic adaptation and inter-ocular
interactions were minimized. It was found that models based on von Kries had best
performance, specifically CIELAB, HUNT, RLAB, and von Kries.
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1. INTRODUCTION
Color appearance models must be incorporated into the color
WYSIWYG (What You See Is What You Get) chain when images are viewed
under dissimilar conditions such as illumination spectral power distribution
and luminance, surround relative luminance, and media type where
cognition is affected. These differing conditions often occur when comparing
Cathode Ray Tube (CRT) and printed images, CRT and projected slides, or
rear-illuminated transparencies and CRT or printed images.
Testing color-appearance models involves generating corresponding
colors (in this case corresponding images) under a test and reference set of
conditions. An appearance model will predict the tristimulus values for a
pair of stimuli such that when each is viewed in its respective illuminating
and viewing conditions, the stimuli will match in appearance for a CIE
standard observer.
A psychophysical experiment was performed to test a variety of color-
appearance models described in the literature. Some of these models were
developed for only object colors while some were developed for use in many
modalities. The following models were tested: von Kries, CIELAB, CIELUV,
LABHNU (Richter), Reilly-Tannenbaum (DuPont), Hunt, Nayatani, and
RLAB (Fairchild-Berns).
In practice, different devices have different spatial (resolution and
image microstructure) and colorimetric (gamut) properties. It was
appropriate, therefore, to first test these appearance models such that these
differences were eliminated. This was accomplished by using a single device,
a continuous-tone dye-diffusion thermal-transfer printer. The requisite
samples can be generated by colorimetrically characterizing the printer for
both conditions.
The overview of the data flow to generate the samples is shown in Fig.
1.1.
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Fig. 1.1 Overview and data flow of the experiment
Selected originals in CMY (Cyan, Magenta and Yellow, See 2.2 for explanation
of using CMY versus CMYK) information is transformed into tristimulus
values (TSVs) for the reference illuminant using tetrahedral interpolation.
The appearance attributes are calculated from the TSVs using the appearance
models being tested. TSV for the test illuminant, which is the corresponding
color to the TSVs for the reference illuminant, are calculated using the
inverse of the appearance model. CMY values for the given TSVs under a
test illuminant are calculated using TSV to CMY tetrahedral interpolation.
The steps described can be simplified by equating appearance attributes and
solving for the TSV under a test illuminant. All other parameters such as
white references both for the reference (X, Yn, Zn) and test illuminant
(X'n, Y'n, Z'J must be known. Hunt, Nayatani and RLAB require other
parameters such as luminance level and background.
Terminology
Reference field : The reference field consists of a nonselective background and
a reference sample on it. The reference field is uniformly illuminated
by a specified illuminant at a specified illuminance. A medium-gray
surface is used as the background.
Test field : The test field has the same gray background as the reference field.
The test field is uniformly illuminated by a given illuminant at a given
illuminance.
X, Y, Z or Xref, Yref, Zref : Tristimulus values measured or calculated using
reference illuminant.
X', Y',
Z'
or X^, Y^,, Z^, : Tristimulus values measured or calculated using
test illuminant.
Xn, Yn, Zn or Xnref, Ynref, ZBre/ : Tristimulus values of a white reference
measured or calculated using reference illuminant.
X'n, Y'n,
Z'
or Xnles Ynles ZnMsl : Tristimulus values of a white reference
measured or calculated using test illuminant.
1.1 Color Appearance Models
1.1.1 von Kries
The von Kries model is the best-known simple chromatic adaptation
model. It is known as the proportionality rule. In this model the cone signals
are scaled by factors proportional to their excitation. The cone signals as a
function of cone excitations can be expressed as:
L'
= kLL
M'
= k M
S'
or
S
L'
4
L
M'
M
S'
s.
S
(1.1.1.1)
(1.1.1.2)
where L, M, and S represent the excitations of the long-, middle-, and short-
wavelength sensitive cones; V , M', and
5'
represent the post-adaptation
cone signals; Ln, Mn, Sn, L'n, M'n, and S'n represent cone signals for the
reference whites in reference and test fields; and kL, kM, and ks , are the
multiplicative factors, generally taken to be the inverse of the respective
maximum cone excitations for the illuminating condition (Fairchild, 1990,
1991). The calculation of the cone fundamentals is a linear transformation of
CIE tristimulus values. In this case the Stiles-Estevez-Hunt-Pointer
fundamentals (Fig. 1.2) were used (see section 1.1.8.1). (These are also used in
the Hunt, Nayatani, and RLAB models.)
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Fig. 12 Comparison of cone sensitivity and 1931 color matching functions
Equations used for the experiment.
Knowns for calculation.
ME_H_P : Estevez-Hunt-Pointer Primaries
Xn,ref ^n,/> ^n.ref ' White reference TSV for the reference field
xn,u*t> Yn.u,i> Zn.test ' White reference TSV for the test field
Xref, Ynf, Zref : TSV of corresponding color for the reference field
Unknowns are X^ YM, Zm
Pre-calculation
(1) Calculate cone excitations, L, M, S for the reference white
''n.ref
M,n,ref
n.ref
= ME-H-P
X
n,ref
'
n.ref
''n^ref
M. = MF
^n.test
YK test
test
(1.1.1.3)
(2) Calculate von Kries multiplicative factors kL , kM, ks
>K
I M
n.lest '
'"
n.ref
I ?
n.test un,ref
(1.1.1.4)
Main-calculation
(1) Calculate cone excitations, L, M, S
^ref
M.ref
v
= M.E-H-P
vref
ref
'ref
(1.1.1.5)
(2) Calculate cone excitations, L, M, S in test field by multipling von
Kries multiplicative factors kL, kM, ks from precalculation (2).
(1.1.1.6)
Ki *x ' Kf
AC, = kM Mref
.
^test
.
_
ks ' $ref
_
(3) Calculate tristimulus values from cone excitations, L, M, S
mE-H-P M (1.1.1.7)
1.1.2 CIELAB 1976
The CIELAB space was recommended by the Commission
Internationale de l'Eclairage (CIE) in 1976 for use as a color-difference metric
(CIE, 1978). While CIELAB was developed to describe color differences, it also
incorporates fundamental metrics of color appearance through the cylindrical
specification of lightness(L'), chroma(C*fc), and hue angle( hab ) and the
inclusion of a modified form of the von Kries model of chromatic adaptation
V C z/
A three dimensional, approximately uniform, color space is produced
by plotting the quantities L\ a, b' in rectangular coordinates. L', a, b" are
defined by the equations:
L*
=
116
1
-16, > 0.008856
Y.
903.31 < 0.008856
Y. Y.
(1.1.2.1)
where
,1
^Y^ fi-'ll
a = 500 f\ir -/
.
Uj ^jj
"
fiO rz\b'
= 200 / -/
v^; vzJ.
/(p)=
p3.
16
p > 0.008856
l.mp+, p< 0.008856H
116
K
(1.1.2.2)
(1.1.2.3)
(1.1.2.4)
where X, Y, Z, describe the color stimulus considered and Xn,Yn,Zn, describe
a specified white object color stimulus.
The color difference between two stimuli can be calculated as an
Euclidean distance between the points in the space.
AZC=[(AL*)2
+
(Aa*)2
+ (A02;p (1.1.2.5)
Correlates of lightness, chroma, and hue, are calculated.
CIE 1976 Lightness,
L*
L*
= i
1161 f- 16, > 0.008856lY. Y.
903.3
\
< 0.008856
Y.
CIE 1976 a, b chroma, C^
C'ab =
(a2
+ b'2)
CIE 1976 a, b hue-angle, ha,
h^ = arctanj(3
CIE 1976 a, b hue-difference, AH^
ah;=[(ae;)2-(al*)2-(ac;)2
(1.1.2.6)
(1.1.2.7)
(1.1.2.8)
(1.1.2.9)
Equations used for the experiment.
Knowns for calculation.
X ,, Ye,Z, : White reference TSV for the reference fieldn,rej * n,rej ' *j
Kte,n Yn,us Kus, : White reference TSV for the test field
Xnf, Yref, Zref : TSV of corresponding color for the reference field
Unknowns are Xles Ylesl, Zto,
Condition
^test 'kA
aL = ref
.b'test. J>ref\
(1.1.2.10)
(1) Calculate Y
From the condition (1.1.2.10), Lto, =Lref,
Y =
tesl
n.ref
(1.1.2.11)
(2) Calculate X and Z
From the condition (1.1.2.10), a^, = a'ref and b'esl = b'ref
fte
v*J /re/UJ"/re/Uj + /to'Uny
J test] n J I
(Y]
f \^-\+fJ ref y I JfZJ "e"[Y
where /(p) is defined in (1.1.2.4)
vz
(1.1.2.12)
(1.1.2.13)
( y Y r
/lull y
'
^n.lesli J test
V
( (x^ 16 )XteSI =' J test
K.XnJ 116
> J test
V7.78 0.008856
V J
|>0.008856:
Xn
<0.0088563
Xn
(1.1.2.14)
Zto,H
J test] rjLnJ
J testy y
' ^n,tesf< J te
fZ^
16
116
7.78-0.008856
' J test
VZ,
\
"nj
>0.0088563
<0.0088563
(1.1.2.15)
1.1.3 CIELUV1976
The CIELUV space was recommended by the CIE in 1976 at the same
time as CIELAB (CIE, 1978). Although it has similar perceptual metrics to
CIELAB, it differs significantly in its chromatic adaptation model
(u'-u'H,V'-v'n).
The CIELUV formula incorporates a chromaticity diagram which is a
projective transformation of the CIE x,y chromaticity diagram. A three
dimensional, approximately uniform, color space is produced by plotting the
quantities L*, u, in rectangular coordinates. L*, u, are defined by the
equations:
L'
=
116-
903.3-
1
Y
-16, > 0.008856
) Y.
(Y^ Y
< 0.008856k; Yn
=
13-L*
-{u'-u'n)
= 13-L*-(v'-v;)
(1.1.3.1)
(1.1.3.2)
(1.1.3.3)
where Y, u', v', describe the color stimulus considered and Yn, u'n, v'n, describe
a specified white object color stimulus.
4X
u -
v =
u. =
v =
X + 157 + 3Z
9Y
X + 15Y + 3Z
VL
XB + 15r + 3Z
9Yn
X.+157. + 3Z.
(1.1.3.4)
(1.1.3.5)
(1.1.3.6)
(1.1.3.7)
The color difference between two stimuli can be calculated as an
Euclidean distance between the points in the space.
10
AEl=[(AL*)2
+
(A*)2
+ (Av*)2p (1.1.3.8)
Correlates of lightness, saturation, chroma, and hue, can be calculated
as follows
CIE 1976 Lightness,
L*
L'
=
fy\3
116
903.3
yYnj
-16, > 0.008856
Y.
yYn;
< 0.008856
Y.
CIE 1976 u,v saturation, suv
^ =
i3[(M'-:)2
+ (v-v;)2]
CIE 1976 u,v chroma, C'm
Cm =
(u2
+V'J=L'-sm
CIE 1976 u,v hue-angle, huv
h., = arctan
= arctan(?)
CIE 1976 u,v hue-difference, A//*fr
ah; = [(a:)2-(al*)2-(ac:)2;
(1.1.3.9)
(1.1.3.10)
(1.1.3.11)
(1.1.3.12)
(1.1.3.13)
11
Equations used for the experiment.
Knowns for calculation.
x*,ref> Ynref, Znre[ : White reference TSV for the reference field
xw YHta ZnUst : White reference TSV for the test field
Xref, Yre[, Zn{ : TSV of corresponding color for the reference field
Unknowns are X^,, Y^,, Zto(
Condition
'-'test rKA
Utes, = Kef
*
V
.
test
. /*.
(1.1.3.14)
(1) Calculate Y
From the condition (1.1.3.14), Llesl =Lref,
ref
'
n,ref
(1.1.3.15)
(2) Calculate X and Z
From the condition (1.1.3.14), u^, = uref and v'ua=v*nf
(1.1.3.7).
AX..
M,, =
Xtest + 15Ylest + 3ZIM,
9YSx te
= Kef-K.ref+K.t
V = ^22"
^, + 157to/ + 3Zto,
= v ,-V ,+Vvref n,ref n,lest
(1.1.3.16)
(1.1.3.17)
By dividing (1.1.3.16) with (1.1.3.17)
M-4 ""'l v' +v'
J
where u'ref, <rt/, <, v'ref, Vn,ef, <,, are known using
By solving (1.1.3.17) with knowns
(1.1.3.18)
(1.1.3.4)-
z,, -
9YUsl - (Xlesl + 157,^, ) - (y'rtf - <, + K.,es, )
3-(Vref-<ref+<,est)
(1.1.3.19)
12
1.1.4 LABHNU1977
The LABHNU space was developed by Klaus Richter (1980). It is
similar to CIELUV in that it has an embedded chromaticity diagram and
translational chromatic adaptation model. It proposed a cube-root
chromaticity diagram (A', B') to take care of CIE corrections for saturated
yellow and red colors in CIELAB 1976 color spaces.
n
visual adaptation
field U
B
central
field F
D
III
a'y.
buKay-a'uJL-p *1 i ^-p*!**-,Lu'
a'F:(a'F-a'u)L*F 4 mi nun ' \ \''* : fJ !b> : L*F ] * iw :
V ,
Fig. 1.3 Richter's colorimetric model of the visual process. (I) Stimulus (physics), (II)
excitation (physiology), (III) sensation (psychology). (A) Illuminated object(red cross), (B)
eye, (c) three signals for central and surround field, (D) transformation, (E) electric spikes, (F)
perception of the object(red cross) (Richter, 1980).
From OSA model data and the Munsell system, he concluded LABHNU is a
better model than CIELAB and CIELUV. The model uses CIELUV-like
chromatic adapation while suggesting that incomplete adaptation can cause
deviation from using a'n, b'n as a visual adaptation field (a,, by).
*note : In LABHNU upper case A and B have the same meaning as a and b .
i: \\(:,-\y\ 16
1/3
(1.1.4.1)
13
A'
= 500- {A' -A'n)Y
B'
= 500 (B'-B'n)Y
where
4
x 1
+ -
.y 6j
i
fi'
=^-i+I
i
12 I y 6
RG-chroma
/B-chroma
(1.1.4.2)
(1.1.4.3)
(1.1.4.4)
(1.1.4.5)
The following color-appearance attributes are defined.
LABHNU 1977 p-Lightness,
L*
L*
= 116-
c Y
V'3
yYnJ
-16
LABHNU 1977 (radial) Chroma, C^
cab = (a'2+b'J
or
C^=500-[(A'-A;)2
+ (fi'-B')2]27
i i
3
LABHNU 1977 Saturation,
S'
Ju
100-
f-Tuooj
or
S'AB=5-(l00)l[(A'-A:)2
+ (B'-B:)2]
LABHNU 1977 hue, h"M
(1.1.4.6)
(1.1.4.7)
(1.1.4.8)
(1.1.4.9)
(1.1.4.10)
14
h*AR - arctan A'
C
3AB
'
LABHNU 1977 deepness, D'^
(1.1.4.11)
LABHNU 1977 blackness, N*M
achromatic colors
A^ =
100-L*
(1.1.4.12)
chromatic colors
N'M = 100 -
L'
+ kNL
L' \{A'
- A'f +
(B'
- B'ff (1.1.4.13)
where
^ = 11.6 = 2.5(100)5 (1.1.4.14)
or
Ar^ioo-r+is^r
2
"
(1.1.4.15)
since L (1.1.4.16)
N'M = 100
2 " (1.1.4.17)
LABHNU 1977 brilliance,
I*
/^ = 100-A^ (1.1.4.18)
D'
=100-
L'+-C'
2
M
(1.1.4.19)
Equations used for the experiment.
Knowns for calculation.
X ,,Y ,, Z ,e : White reference TSV for the reference fieldn.rej ' n,rej 7 n,rej
Ks Yn,MI, ZnMsl : White reference TSV for the test field
15
Xr,f Ynf, Zref : TSV of corresponding color for the reference field
Unknowns are Xto Y, Zte
Condition
test9 test9 '-' st
Kt Kf
Aest - Kef
-B'test_
.Bref_
(1.1.4.20)
(1) Calculate Y
From the condition (1.1.4.20), Lto, = Lnf,
ref
'
n.ref
(1.1.4.21)
(2) Calculate X and Z
From the condition (1.1.4.20), A,*esl = A'ref and B'les, = B'ref
A'
-I-
"i(
"'
12
i i
'test
_i_ _
Y r Yref '
Y
V test
(\ef \.ref)+ K.li
\*
lest
_i_ _
Y p1ref I
Y
V iw
(B'ref-Bn,ref)+B'n,t,
(1.1.4.22)
(1.1.4.23)
Solve for Xto, and 7^, by substituting^ and -^- with ^- and ^-
"te ytest * test * test
(1.1.4.5).
v V
^test test
7 =Y'-'test * test
( ( .
Y , V*
re/
'
^ | iKef-K,ref)+K.,eK1
test .
(B'ref -B'n,ref)+B'n,t,
^^3 x
_1_
6
v /< i
(r / 3
-12 (r*
v ^ ' yA V
J
3
_1_
6
(1.1.4.24)
(1.1.4.25)
where A're/, A'n,ep A'nMI, B'ref, B'nre/, B'nusl are known using (1.1.4.4)-
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1.1.5 Reilly-Tannenbaum
The Reilly-Tannenbaum model was created at DuPont during the
1970's as a color difference metric. It has been used as a part of their color
matching system for automotive colorant formulation and control. It has
features of both CIELAB (opponency and cube root) and CIELUV
(translational chromatic adaptation model) and has a transformation from
CIE tristimulus values to cone fundamentals optimized from color-difference
data (Fig. 1.3). It's worth noting that Reilly was one of the key developers of
CIELAB; these equations reflect his influence.
Stimuli can be described with L, a, and b.
L = 25G1/3-16
a =a'-()man
100
b = b'-()ll3bn
100
"
(1.1.5.1)
(1.1.5.2)
(1.1.5.3)
400 500 600
wavelength(nm)
700
Fig. 1.4 Reilly-Tannenbaum Color Matching Functions (CMF) (solid lines) vs. Stiles-Estevez-
Hunt-Pointer Cone Response functions (broken lines).
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where
where
R <l/3a'
=500[()
100
G u/3b'
=200[()
100
R =
R'(
G
G.
G o/;>
100
100
n
)1/3i
(1.1.5.4)
(1.1.5.5)
(1.1.5.6)
(1.1.5.7)
(1.1.5.8)
R'
= 0.7584X + 0.2980y - 0. 1564Z
G'
= -0. 4632X + 1. 36771" + 0. 0955Z
B'
= -0.1220X + 0.3605y + 0.7615Z
(1.1.5.9)
(1.1.5.10)
(1.1.5.11)
Equations (1.1.5.9)-(1.1.5.11) represent a transformation of XYZ to RGB using
empirical primaries.
Equations used for the experiment.
Knowns for calculation.
Xn,ref> Ynref, Znre/ : White reference TSV for the reference field
xn.us,< YK^ Znust : White reference TSV for the test field
Xref> Ynf, Zre/ : TSV of corresponding color for the reference field
Unknowns are X,(, Ylest, Ztes,
Condition
Kst Kr
(1.1.5.12)
Equation (1.1.5.12) requires solving an equation of the form:
I
a-Xmlamn-b-Xlllaiown->rc^Q. This results in very complex formula. As an
'-'test
'Kf'
Vtest = a, c**ref
Ptest
. .Kf.
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alternative a successive-approximation iterative technique (Newton-Raphson
method) was used.
First, calculate appearance attributes for the reference field. With a
fixed TSV in the test field, appearance attributes for the test field are
calculated. Test field TSV is changed according to the differentials.
Appearance attributes for the test field are calculated for the changed TSV.
Repeat the change of TSV and calculation of appearance attributes until the
given tolerance is achieved.
(1) Calculate the appearance attributes for the reference field.
Kf
G'ref
Kf
= M,Re illy Tannenbaum
Xref
'ref
lref.
(1.1.5.13)
Kef ~ Kef (.7; )
Un.ref
&ref - ^ref " K~ )
Gn.ref
Kef ~ Kef K )
Un,ref
(1.1.5.14)
aref ^^m> 4qOJ J
h' (Kl\1/3-\^-200[W ~W} ]
(1.1.5.15)
(1.1.5.16)
Kf=25-G%-\6
<>ref=Kf-^r"n,ef
Y
bref=Kf -(j^)mKref
(1.1.5.17)
(1.1.5.18)
(1.1.5.19)
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(2) Repeat calculation of appearance attributes (equations (1.1.5.13)-
(1.1.5.19)) for the test field until the differences (AL = Lref-Llesl, Aa = ar^-alesl,
Ab = b^-b^,) of attributes are within the specified tolerance (<0.15). A better
estimation of TSV while iterating can be achieved using differential methods.
The TSV which yielded attributes within the specified tolerance is the
estimated TSV for the test field.
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1.1.6 Hunt
Hunt's model (Hunt, 1987, 1990, 1991) is diagrammed in Fig. 1.5.
X,Y,Z Y Y 7
P>Y,P
I
P/Pw/Y/Yw/P/P
discounting
the color of
the illuminant
1
r 0.2E
Pw/ Yw/ Pw
K h^ h^,
yes
* p/ *yf *P
1^ ^
YvAb
Y/Y.
lZ
F,
Pro Yd' Pd
Pa/Ya/Pa
-1 1
A, Ci,C2,C3
~J LIB
&s
IE
31
Hue
Hc
Yu/Y
LAS/2.26
!LS
Scotopic
adapting
luminance
Ncb N,bb
Nc
11
Bs
Myb,Mrg
Chromatic
surround
Induction
factor
M
mYB' mRG
nv
Ref. White
A+M
Nb
Nt
Brightness
surround
Induction
factor
N2
i r
Chroma
Colorfulness
Saturation
Value for
ReferenceWhite
Qw ^-^ Q Brightness
Lightness
Fig. 1.5 Hunt color appearance model diagram (Modified from Nayatani, 1990)
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It incorporates many parameters necessary for cross-media color
reproduction. However, it is not invertible and in order to use it for color
WYSIWYG, a successive-approximation iterative technique (Newton-Rapson
method was used for the experiment) or a multidimensional interpolation
technique (Hung, 1993) is required.
Hunt's model is somewhat based on physiology. He divided the
overall process into components, and modeled each successively .
1.1.6.1 Cone excitation
The first step for the Hunt model is converting 1931 tristimulus values
to p, y, P tristimulus values that represent the excitation of the three cone
types. The spectral sensitivitiy of the cone can be obtained by using the
following transformation of the color-matching function.
p= 0.38971X + 0.68898F-0.07868Z
7 = -0.2298 IX + 1.183407 + 0.04641Z (1.1.6.1)
P = 1.00000Z
Its inverse is
X = 1.91019p-1.11214y+ 0.20195/3
y = 0.37095p+ 0.62905y (1.1.6.2)
Z= 1.000000
This conversion also applies to the illuminant which appears as
Xw, Yw, Zw to pw, yw, Pw in Fig. 1.5. The first use of the conversion of XYZ to
cone spectral sensitivities was shown in 1982. Since then the set of matrices
has been chnaged (1985, 1987).
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1.1.6.2 Cone Response Functions
The cone response functions are hyperbolic functions. The values
have a maximum of 41 and minimum of 1. The central part is approximately
a square root relationship, while the +1 term represents the noise of the
system.
/(p) + l = 40[p073/(p-73 + 2)] + l
/(/) + l = 40[y073/(y-73 + 2)] + 1
/n03) + l = 4O[j3-73/03o'73 + 2)] + l
(1.1.6.3)
(1.1.6.4)
(1.1.6.5)
Equation 1.1.6.3 is plotted in Fig. 1.6.
Fig. 1.6 Cone Response function of Hunt appearance model
1.1.6.3 Adaptation
Adaptation consists of a chromatic adaptation factor, Fp, Fy, Fp, a
luminance adaptation factor, FL, a von Kries type of allowance, p/pw, y/yw,
P/Pw, Helson-Judd effect factors, pD, yD, PD, and cone bleach factors, Bp, By,
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Bp. The luminance adaptation factor, chromatic adaptation factors and
components of von Kries type allowance occur at an early stage in the retina,
while the Helson-Judd effect happens extremely fast at a later stage .
P =K^flFpP I Pw > + Pd~\ + 1 d-1-6-6)
Ya = Br[fn(FLFyy/yw)+yD] + l (1.1.6.7)
Pa = Bp[fn(FLFfiP/pw) + pD] + l (1.1.6.8)
This step is shown as p, y, P to pa, ya, Pa in Fig. 1.5.
1.1.6.4 Criteria for Achromacy and for Constant Hue
Based on physiological evidence that three different cone types are
compared by neurons, color difference signals are introduced. C1, C2, C3
representing Color-difference signals.
c,=Pa-ya (1.1.6.9)
C2 = ya-Pa (1.1.6.10)
C, = Pa-Pa (1.1.6.11)
Achromatic colors are those which are devoid of hue such as white,
greys, and black. Therefore the criterion for the achromacy is pa = y=Pa.
This results in C, = C2 = C3 = 0, and one can expect that colourfulness increases
as C,, C2 andC3 increase.
1.1.6.5 Cone Bleach Factors
At very high level of illumination a cone reduces it's response. It is
defined as follows:
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Bp =
107 /[107
+ 5LA(pw /100)] (1.1.6.12)
Br =
107 /[107
+ 5LA(yw/\00)] (1.1.6.13)
Bp =
107 /[107
+5LA(pw /100)] (1.1.6.14)
where LA is the luminance of the adapting field. In typical viewing
conditions, luminance of the reference white is about five times that of the
adapting field (assumes the world integrates to a gray of 0.2 luminance factor).
Therefore 5LA can be regarded as luminance of the reference white. When
the cone pigments are bleached, their spectral absorptions can become
narrower, and as a result metameric color matches can break down.
1.1.6.6 Luminance-Level Adaptation Factor, FL
This factor provides allowance for the level of illumination. It is
defined as:
Fi=0.2fc4(5LA) +
0.1(l-<:4)2(5L/l)1/3
(1.1.6.15)
k = l/(5LA+l)
At photopic levels FL is proportional to the cube root of 5 LA , and at scotopic
levels FL is proportional to 5LA . LA represents the luminance of the adapting
field.
p
fPhtotopic levels (5LA)1/3
(1.1.6.16)
[ Scotopic levels (5LA)
25
iC -2
D)
O
Fig. 1.7 Luminance level adaptation factor.
1.1.6.7 Color differences vs. other factors
If 5LA is the luminance of the reference white, and the sample has the
same chromaticity as the reference white, then SLfpl pw is equal to the
luminance of the sample. The open circles in the Fig. 1.8 represent colors
having the same value of pi pw as for the reference white, and the filled
circles for a color having pi pw equal to 0.03162 time that of the reference
white (1.5 less on the log scale). The part between open and filled circle
represents the range of colors between white and a black. The position of the
adapting field is shown by the plus(+) sign. The range of colors increases as
luminance level increases up to certain level. Lower maxima of curves 6, 7
and 8 in the Fig. 1.8 are caused by the cone bleach ia.cA.ors{Bp,Br,Bp).
26
40
30
Pa
20
10
j i_
Fig. 1 .8 Response funtion for the p cones.
Fig. 1.9 Representations of three stimuli having the same chromaticity but three different
luminance factors.
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From the shape of the adpatation curve, it is predicted that for colors of a
given chromaticity (red as an example in the Fig. 1.8), as the luminance factor
is decreased, the colorfulness will usually decrease.
As the luminance of the adapting field decreases, the curves move to
the left, indicating increasing sensitivity. But the increase of sensitivity is
insufficient to provide full compensation. Therefore the positions of white,
the adapting field and black gradually move down to the regions of lower
slope. This results in reduction in the differences in response between
whites, adapting fields, and blacks. For colors, this results in reduced
colorfulness and discrimination.
Fig. 1.10 Representations of a color of the same chromaticity and luminance factor in the
three different leveles of adapting luminance.
1.1.6.8 Chromatic Adaptation Factors
Adaptation to lights of different colors becomes less and less complete
as the purity of the color of the light increases, and more and more complete
as the luminance increases. This leads to change of extent of the adaptation.
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To take into account the discounting the color of the illuminant effect, Fp, Fy, Fp
have to be set to unity (yes at decision * in the Fig. 1.5).
Fp=a +LA^ + hp)l(l + LA1,3 + llhp)
Fy = (l + LAl,3 + hy)l(l + LAl,i + llhy)
^ = a + LA1/3 +^)/(l + LA1/3 + l/^)
where
hP=3pwl(Pw + Yw+Pw)
hr=3Ywl(Pw + Yw+Pw)
hp=3pwl(pw + yw+pw)
(1.1.6.17)
(1.1.6.18)
(1.1.6.19)
(1.1.6.20)
(1.1.6.21)
(1.1.6.22)
-0.8
-
Fig. 1.11 Chromatic adaptation factor.
1.1.6.9 Helson-Judd Effect Factors
When the chromaticity of the illuminant is substantially different
from that of the equi-energy stimulus, SE, white colors tend to appear to be
tinged with the hue of the illuminant, and very dark greys with the
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complementary hue (Helson-Judd effect). The Helson-Judd effect parameters
are defined as:
Pd = /[(/* / Yw )FLFy] - fn[(Yb I Yw )FLFp]
Yo=0
Pd = fJL<Xt I Yw )FLFy\ - fn[(Yb / Yw )FLFp]
(1.1.6.23)
(1.1.6.24)
(1.1.6.25)
1.1.6.10 Modified Reference White
When simultaneous contrast occurs, the proximal field, which is the
immediate environment, causes the appearance of the color element
considered to move towards the color that is opposite in hue, saturation, and
lightness to the color of the proximal field. But if the the annular subtense of
the color element considered becomes less than about a third of a degree,
assimulation occurs instead of simultaneous contrast.
n,
PW[Q-P)r + (1 +P)lr]m
Pw
[{l + p)r + (l-p)lrr
yw [a+P)g+a-P)/gf12
&
+ (1 +P)lb]u2
Pw
[(\ + p)b + (l-p)lb]m
where
r = (pPlpb)
g = (yP/Yb)
b = {PpiP)
(1.1.6.26)
(1.1.6.27)
(1.1.6.28)
(1.1.6.29)
(1.1.6.30)
(1.1.6.31)
where
p , y, and Pp: p, y and p signals for the proximal field.
pb, yb c\ndPb: p, y and p signals for the background.
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1.1.6.11 Unique Hues
Hunt defines four unique hues such as red, green, yellow and blue by
defining a ratio of two color differences.
Unique red Ci=C2 (1.1.6.32)
Unique green Ci=C3 (1.1.6.33)
Unique yellow C1-C2/II (1.1.6.34)
Unique blue Q=C2/4 (1.1.6.35)
Because Ci+C2+C3=0, if one of these ratios is constant, the other will also be
constant, and it is unnecessary to specify in addition. Fig. 1.12 shows the
comparsion of unique hues of the Hunt model and the Natural Color System.
0.4 0.5 0.6
Fig. 1.12 Unique hue loci predicted by the modeKsolid lines) compared with those
of the NCS(dotted lines), for Standard Illuminant C.
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1.1.6.12 Hue Angle, hs
The hue angle coefficient is measure of hue. It describes color by how
much an angle deviates from the unique hues. A measure of the yellowness
or blueness of both reddish and greenish color is average of two differences:
(C2-C3) = (C2-C1+C1-C3). The redness or greenness measure is different for
the yellowish Cl-{C2I\\), and bluish Ci-(C2/4). Since the yellow hue is
more sharply apparent than the unique blue hue, one for the yellowish is
used instead of taking their average.
-(C2-C,)/4.5
h, = arctan( )
C,-(C2 /ll) (1.1.6.36)
180
270
Fig. 1.13 Hue angle, hs.
1.1.6.13 Eccentricity factor, es
This factor is introduced to allow for the asymmetry with which the
visual system treats red and green colors, and for the asymmetry with which
it treats blue and yellow colors. The values of es were deduced from the
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eccentricity of illuminant points in loci of constant but very low saturation
(Hunt, 1985).
TABLE 1.1 e, and l\
Red Yellow Green Blue
K 20.14 90.00 164.25 237.53
*s 0.8 0.7 1.0 1.2
es = e1 + (e2-e1)(hs-fil)l(h1-hl) (1.1.6.37)
el and i\ are the values of es and hs, respectively, for the unique hue having
the nearest lower value of hs; and e2 and i\ are the values of es and hs,
respectively, for the unique hue having the nearest higher value of ht.
eS
1.5
1.0
0.5
0
~ ~
B
_j i_
90 180 270 360
Fig. 1.14 Eccentricity factor, es.
1.1.6.14 Hue quadrature, H, and Hue composition, Hc
Hue quadrature expresses color in terms of the proportions of the
unique hues. It is a transformation of a hue angle to a quadrant of which axes
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are unique hues. The four quadrants do not represent equal differences
hue.
in
1
[(hs-hl)lel+(h2-hs)/e2] (1.1.6.38)
//, is 0, 100, 200, or 300, according to whether red, yellow, green, or blue
respectively, is the hue having the nearest lower value of h .
100
200
300
Fig. 1.15 Hue quadrature, H .
Hue can be expressed as number and hue composition, Hc, in terms of
the percentages of the component hues. If H is 262, Hc can be expressed as
62B 38G.
1.1.6.15 Correlates of Colourfulness, M, and Saturation, s
Colorfulness, M, is the measure of which hue is how dominant. It is
described as yellowness-blueness, MYB, and redness-greeness, MRG.
MYB = 100[|(C2 - C,) / 4.5K(10 /l3)NcNcbF,]
MRG = 100TC, - (C2 / 1 l)][e,(10 / U)NcNcb]
(1.1.6.39)
(1.1.6.40)
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Correlates of colourfulness, M, and saturation, s, are given by
M = (MYB2 +MRG2fn
s = 50M/(j>a + ya+pa)
M9, = FL15C93
(1.1.6.41)
(1.1.6.42)
(1.1.6.43)
Colorfulness consists of several components and those are listed as
follows:
1. Eccentricity factor, es.
2. A factor of 10/13 to allow for cross-channel noise in the system
3. A chromatic surround induction factor, Nc, is used which makes
allowance for the fact that dark or dim surrounds to colours can reduce
their colourfulness.
TABLE 1.2 Brightness^) and chromatic(Nc) induction factor.
Nb K
Small areas in uniform light backgrounds and
surrounds
300 1.0
Normal scenes 75 1.0
Television and VDU displays in dim surrounds 25 0.95
Projected photographs in dark surrounds 10 0.9
Arrays of adjacent colours in dark surrounds 5 0.75
CRT's in dim surrounds 1.0
Large transparencies on viewers 0.7
Projected slides 0.7
4. A low-luminance tritanopia factor, Ft, is included in the yellowness-
blueness signal, to allow for the fact that, as the illumination level falls,
yellowness-blueness discrimination deteriorates earlier than redness-
greenness discrimination.
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F,=LA/(LA+ 0.1) (1.1.6.44)
1.0
0.5 -
i i i i 1 r i r
-J 1 1 1 i i i i
-3-2-1012345
\0QLA
Fig. 1.16 Low luminance tritanopia factor, Ft.
5. A chromatic background induction factor, Ncb, is included to allow
for the fact that, compared with their appearance when seen against a grey
background, the colourfulness of colors tends to be reduced for light
backgrounds, and increased for dark backgrounds.
Ncb = 0J25(Yw/Yb)
0.2
(1.1.6.45)
1.1.6.16 Rod Response
The rod response function is same as for cone, except the scotopic
luminance-level adaptation factor, F^, is used instead of the luminance-level
adaptation factor:
Fw = 3800/5^ / 2.26+ 0.2(1 - j2)4^ /
2.26)1/6
(1.1.6.46)
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where
j = 0.00001 / (5LM 1 2.26 + 0.00001) (1.1.6.47)
-8-6-4-2 0 2 4 6 8
Log (5LAS/2.26)
Fig. 1.17 Scotopic luminance level adaptation factor.
The scotopic adapting luminance, L^, could be unknown and it is not
that important to know accurately. The correlated color temperature, T , is
used if the adapting field has a chromaticity not too far from that of the
Plankian locus. At T=5600, L^/2.26 for the equi-energy stimulus, SE, is
equal to LA. Because of it, L^ 1 2.26 is used instead of L^.
L.. / 2.26 = LA (77 4000 -0.4)
1/3
(1.1.6.48)
To set an upper limit of the rod response, Bs, at high levels of adaptation, the
rod bleach factor is introduced.
Bs =
0.5 0.5
1 + 0.3
5'Ks
2.26 {$w
1 + 5' 5-Ks
2.26
(1.1.6.49)
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The rod response after adaptation is as follows.
As = BS- 3.05 [f(Fu:S/Sw)] + 0.3 (1.1.6.50)
-5-4-3-2-10123456
Log(Ls/2.26)
Fig. 1.18 Response function for the rods.
1.1.6.17 Achromatic Response, A
The photopic part of the achromatic signal is
A. =2p. + y.+ (1/20)0.-3.05 + 1 (1.1.6.51)
The total achromatic signal is
A = Nbb[Aa-l +As-0.3 + (l2+0.32)il2] (1.1.6.52)
AL. is a factor to allow for the brightness induction of the
background.
bb
Nbb=0J25(Yw/Yb) (1.1.6.53)
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1.1.6.18 Relative Yellowness-Blueness, mYB, and Relative Redness-Greeness, mRG
yb = MYB (pa + ya+p.) (1.1.6.54)
rg = MRG(pa + ya+Pa) (1 .1 .6.55)
1.1.6.19 Correlates of Brightness, Q
The brightness response is mainly from the achromatic signal, but in
consideration of the Helmholtz-Kohlrausch effect, which is the increase in
brightness with increasing purity for colors of constant luminance, a color
difference signal is added.
Q = {1[A + (M / lOO)]}06^ - N2 (1.1.6.56)
where
iV1 = (7A^)05/(5.33iVfc013) (1.1.6.57)
N2=7AwNr62/200 ai-6.58)
where Aw is total achromatic signal for the reference white.
1.1.6.20 Correlates of Lightness
Lightness is brightness judged relative to that of the reference white.
/ = 100(2/0^ (1.1.6.59)
where
z = l +
(Y/Yw)il2
(1.1.6.60)
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Fig. 1.19 Brightness-luminance relationships.
1.1.6.21 Correlates of Chroma
The correlate of chroma, C, includes a luminance factor, Yb, of the
background and Yw of the reference white.
C = 4s069 (Q I Qw )YilYw (1. 3 1 - 0.3 ln/r )
C93 =
2.44s069 (Q / Qw)Yb'Yw (! 64 - 0.291,'/r* )
(1.1.6.61)
(1.1.6.62)
* notebyHunt : C and C93 are similar for grey backgrounds of Yb / Yw equal to about 0.2 but C93
is better for white and black background
1.1.6.22 Correlates ofWhiteness-Blackness
Nayatani introduced the concept of a whiteness-blackness (1987). Hunt
adopted it in his model.
QWB = 20(QUI-Qb"') (1.1.6.63)
40
200
O 0
Fig. 1.20 Whiteness-blackness, QWB.
The Fig. 1.19 shows that the illumination level increases, the whiteness of the
whites increases and the blackness of the blacks decreases (Steven's effect).
For example, projected slide are viewed with dark surround and require a
contrast ratio more than 3.0 (1000:1), while viewing hard copy in a viewing
booth requires contrast ratio less than 2.0 (100:1).
Equations used for the experiment.
Knowns for calculation.
ME__P : Estevez-Hunt-Pointer Primaries
X _,, Y .,, Z , : White reference TSV for the reference fieldn,ref ' n,ref ' n,ref
xn,us Yn,usn Ktes, ' white reference TSV for the test field
X Yref, Zref : TSV of corresponding color for the reference field
Surround information
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Yb : Background luminace
Yw : Reference white luminace
Nb : Brightness induction factor
Nc : Chromatic induction factor
Unknowns are Xto YM Zto,
Pre-calculation
The following terms are calculated for both reference and test fields:
Subscripts (ref, test) are omitted.
(1) Cone excitations of reference white : Pw Yw Pw
(1.1.6.64)
pw X,
yw = ME-H-P # Y,
r^w_ z,
(2) Luminance of adapting field : LA
K = 0.2LW
where L is luminance of reference white
(1.1.6.65)
(3) Scotopic adapting Luminance : LAS
L^ = 2. 26 LA (T 1 4000 - 0.
4)1/3
where T is correlated color temperature
(1.1.6.66)
(4) Brightness induction factor : Ncb
Ncb =
0J25(Yw/Yb) (1.1.6.45)
(5) Chromatic induction of background factor : Nbb
Nbb=0.125(YwIYbr (1.1.6.53)
42
(6) Luminance-Level adaptation factor : FL
FL = 0.2-*4-(5-LA)+ 0.1-(l-*4)2(5-LA)1/3 (1 1 6 15)
fc = l/(5-LA+l)
where 5LA is same as Lw (1.1.6.64) in this experiment.
(7) Chromatic adaptation factor : Fp, Fy, FB
Fp = Fy = FB = 1.0 (1.1.6.67)
* Because hardcopy was used, full discounting of
the color of the illuminant was assumed.
(8) Helson-Judd Effect factor : pD, yD, PD
Po=0
yD = 0 for discounting (1.1.6.23-1.1.6.25)
PD = 0
(9) Cone Bleach factor : Bp, By, BB
Bp =
107 /[107
+ 5- LA-(pw/ 100)]
By =
107 /[107 + 5- LA-(yJ 100)] (1.1.6.12-1.1.6.14)
A^io'/iio'
+ s-^-os./ioo)]
(10) Adaptation factors of reference white pa, ya, pa
pa,w = Bp-[fn(FL-Fp) + pD] + l
Ya.. = By Un(FL Fy) + yD] + 1 (1.1.6.68)
Pa,w = BB-[fn(FL-FB) + PD] + l
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(11) Color difference signals of reference white Clw, C2w, CXw
l,w Hatw *a,w
2,w / atw r*a,w
C, =B -p3,w r'a.w ra.w
(1.1.6.69)
(12) Hue Angle of reference white hs
~(Q,-C3.J/4.5
h.w = arctan(^= )
c,w-(c2.w/ii)
(1.1.6.70)
(13) Eccentricity factor of reference white, es
(hsw +122.47)
1.2 - 0.4 -^ '-, 0 </i_< 20.14
142.61
(hsw -20.14)0.8-0.1 -^ 1,
69.86
20.14 <fc <90
(A -90.0)
e*A 0.7 + 0.3 -^ '-, 90 </z <164.25
74.25
(hs -164.25)1.0+ 0.2 -^ '-, 164.25 <KW< 237.53
73.28
(/* -237.53)1.2-0.4-^ i, 237.53 <fc <360
142.61
(1.1.6.71)
(14) Low-luminance tritanopia factor F,
F, = LA/(LA+ 0.1) (1.1.6.44)
(15) Colorfulness M,
MYB,W = 100 -[^(C2iW - C3iW) /4.5]-[es,w- (10/ 13) -Ncw-Ncbw-FJ
MRG,w = 100-[Chw-(C2,Jll)]-[es.w-(10/13)-N^-Ncb.w]
Mw = (MYBJ +
MRGJ)m
(1.1.6.72)
(1.1.6.73)
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(16) Rod Response F^,
Fu =3800-/ -5-^/2.26 + 0.2- (l-/)4-(5-LAS/2.26)1/6 (1.1.6.46)
where
7=0.00001/ (5-^/2.26 + 0.00001) (1.1.6.47)
Scotopic adapting Luminance, LAS is acquired from (1.1.6.66).
(17) Rod Bleach Factor Bs,
Bs,=- 0.5 0.5
1 + 0.3-
5-L'AS
2.26
1 + 5 2iKs
2.26
(1.1.6.74)
| for the white reference becomes 1.0 in (1.1.6.49).
(18) Rod Response after adaptation, As
As,w = Bs,w -3.05 -[fn(Fu)] + 0.3 (1.1.6.75)
(19) Total Achromatic Signal ofwhite reference, A
4. = 'V[\w-i +
\w-o.3+(i'
+ o.3Tz] (1.1.6.76)
(20) Af, and N2 factors for calculating Brightness
iV1=(7-AH,r/(5.33-iV6U13)
N,=7-Aw-N0M2/200
(1.1.6.57-1.1.6.58)
(21) Brightness ofwhite reference, Q^
Q = {1-[K+(MJ100)T6-NX-N2 (1.1.6.77)
45
where Aw is Total Achromatic Signal (1.1.6.76) and Mw is
Colorfulness (1.1.6.73) of reference white.
(22) z factor for calculating Lightness
z = l + (Yb/Yw?'2
(1.1.6.60)
Main-calculation
(1) Calculate p, y, P
~p~ ~X~
Y '"e-H-P ' Y
A Z
(1.1.6.78)
(2) Calculate p., ya, pa
Pa = Bp-[fn(FL-Fp-p/pw) + pD] + l
Ya = By-[fn(FL-Fy-y/Yw)+yD]+ l
Pa = BB-[fn(FL-FB-p/pw) + PD] + l
FL : Pre-calculation (6)
Fp,Fy,FB : Pre-calculation (7)
Pw. Yw Pw ' Pre-calculation (1)
Pd> Yd< Pd ' Pre-calculation (8)
(1.1.6.6-1.1.6.8)
(3) Calculate Cv C2, C3
C\=Pa~Ya
c2 = ya-pa
c, = Pa-pa
(1.1.6.9-1.1.6.11)
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(4) Calculate Hue Angle, hs
-(C2-C,)/4.5
h, = arctan(^ )
Q-(C2/11)
(5) Calculate Eccentricity factor, e,
1.2 0 1 ih* + l22Al)
142.61
'
0.8-0.1- fo-20-14),
69.86
fa -90.0)eA 0.7 + 0.3-
1.0 + 0.2
1.2-0.4
74.25
'
fa -164.25)
73.28
'
fa -237.53)
142.61
'
0
<hs<
20.14
20.14
<^<
90
90
<^<
164.25
164.25
<hs<
237.53
237.53
< A . <
360
(6) Calculate Colorfulness, M, and Saturation, s.
MYB=100-[^(C2-C3)/4.5Hes-(10/13)-Nc-Ncb-F,-i
MRG = 100 [Q - (C2 / 1 1)] [e, (10/13)/VC- tfj
M = (Mra2 +M,c2)1/2
5 = 50
jyB -rivlRG
M
(Pa + Y+Pa)
Nc : Known
Ncb : Pre-calculation (4)
(1.1.6.36)
(1.1.6.79)
(1.1.6.39)
(1.1.6.40)
(1.1.6.41)
(1.1.6.42)
(7) Calculate Brightness, Q. Calculations of 5,, As, Aa, A are required
beforehand.
Bs =
0.5 0.5
1 + 0.3 iKs
2.26
f r, \
UW J
1 + 5'
S-L.'AS
2.26
A, =S5- 3. 05[/(* -57 J*)] + 0.3
(1.1.6.49)
(1.1.6.50)
47
Aa=2pa + ya + (1/20)- pa -3.05 + 1 (1.1.6.51)
A =Nbb-[Aa-l +As-0.3 + (l2 + 0.32)m] (1.1.6.52)
Q = {7 [A + (M 1 100)]} 6 -N,-N2 (1.1.6.56)
L^ : Pre-calculation (3)
Nbb : Pre-calculation (5)
F^ : Pre-calculation (16)
NltN2: Pre-calculation (20)
(8) Calculate Lightness, J.
J = 100 -(Q IQwy (1.1.6.59)
Q^ : Pre-calculation (21)
z : Pre-calculation (22)
(9) Calculate Chroma, C.
C = 4-som-(Q/Qw)r>/Y -(1.31-0.31r/r) (1.1.6.61)
C, : Pre-calculation (21)
Using the precalculation and main calculation for the reference field,
calculate appearance attributes, J, C. hs. for the reference field. Repeat
calculation of appearance attributes using precalculation and main calculation
for the test field until the differences (AE of CIELAB equivalent can be
calculated by changing J , C. hs in polar coordinates to Cartesian coordinates)
of attributes are within the specified tolerance (<0.15). A better estimation of
TSV while iterating can be achieved using differential methods. The TSV
which yielded attributes within the specified tolerance was the estimated TSV
for the test field.
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1.1.7 Nayatani
Nayatani's color appearance model (Nayatani, 1981, 1982, 1986, 1987, 1987,
1988, 1988, 1989, 1990, 1991, Takahama, 1984) is diagrammed in Fig. 1.21.
Illuminant
*>y
X,Y,Z %,y\
R,G,B
X
e(R), e(G)
&<f,S&
t,P
,e
Re C0, B0 J0r
PxCRo), fcCGo), p2(B0) fttto.)
Hue
r,p
Chroma
Colorfulness
Q
B,
M
'N-
a
~^ . B, ~Z_ BJVte^
r\* ForWhite
Saturation
2
For Ref.
Ilium.
Lightness
Bf Brightness
Fig. 1.21 Nayatani color appearance model diagram (Modified from Nayatani, 1990)
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Although there are many similarities to Hunt's model, the non-linear
compression stages are quite different and Nayatani's model is defined only
for object colors, possibly limiting its use in color WYSIWYG. An advantage
of this model over Hunt's model is its relative ease in inversion.
The situation studied by Nayatani is shown in Figure 1.22. The test
field consists of a nonselective background and a test sample on it. The test
field is uniformly illuminated by a given illuminant at a given illuminace. A
medium-gray surface of luminance factor 0.2 is used as the background. The
reference field has the same gray background as the test field.
(SW. E) (SU). El
Test Co
Po Po
1
orresponding
~~
Color
Test
Field
Reference
Field
Fig. 1.22 The situation studied by the Nayatani model (Nayatani, 1981)
The adaptation process of the model consists of two steps. The first step
is a modified von Kries transformation. The second step is a nonlinear
transformation corresponding to a compression of response of each
transmission mechanism from receptor to brain. The original outline of the
model is shown in Fig. 1.23.
[r] R*=/cr(R+Rn) -
[fJH G*=ftg(G+Gn) |-] ^(G*
B
R
A
B B*=/cb(B+Bn) -
0=J*&(B' \Pb N
Fig. 1.23 The outline of the Nayatani model (Nayatani, 1981)
A detailed diagram of the model is shown in the Fig. 1.24.
50
Fig. 1.24 Schematic diagram of the Nayatani color appearance model
(Nayatani, 1986)
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1.1.7.1 Estevez-Hunt-Pointer Primaries
The Pitt primaries were used prior to 1987 for the Nayatani model
(Nayatani, 1981). Hunt and Pointer (1985) used the new primaries which are
intended to predict well the spectral responses of cones from the CIE 1931
matching functions. The target cone responses were derived by Estevez from
the 2 color matching functions by Stiles and color-deficiency data. Nayatani
adopted this to his model (1987). He concluded that it shows insignificant
differences in the predictions of color appearance.
The absolute tristimulus values, R, G, B, of the test sample in a
fundamental-primary system uses E-H-P primaries (Nayatani, 1987).
R= 0.40024X + 0.707607-0.0808 1Z (1.1.7.1)
G = -O.22630X + 1.16532F + 0.04570Z (1.1.7.2)
B= 0.91822Z (1.1.7.3)
There is minor difference between Nayatani's and Hunt's E-H-P primaries.
Hunt's is normalized, Nayatani's is not. For the experiment, Nayatani's
original E-H-P primaries were used to process Nayatani's model.
The quantities , rj, , define the test illuminant.
(1.1.7.4)
The matrix M is calculated from E-H-P primaries (Nayatani, 1987).
= (0.48105* + 0.78841y - 0.08081) / v (1.1.7.5)
T/ = (-0.27200x + 1.11962y + 0.04570)/v (1.1.7.6)
= 0.91822(1 -x-y)/y (1.1.7.7)
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r xly
n = M- 1
_C_
jiy.
Ro, G0 and B0 represent the effective adapting level of the three receptors
assumining a Lambertian 0.2 luminance factor background.
A.
_ 0.20
K (1.1.7.8)
1.1.7.2 Nonlinear characteristics of each of the three receptors
The exponents of the nonlinear process for the three response
mechanisms are #(*). A(G0), p2(B0) (Nayatani, 1987).
^_6-469 + 6.362/C95
PlC o)~
6.469 +Rr95
B(C 6.469 +
6.362G"4495
Pl
6.469 + G004495
Equation 1.1.7.9, 1.1.7.10 and 1.1.7.11 are shown in Fig. 1.25.
CO.
o
LogloCRo-Go-Bo)
Fig. 1.25 Nonlinear Characteristics of receptors
(1.1.7.9)
(1.1.7.10)
(1.1.7.11)
7
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Nayatani's response mechanisms of three receptors are similar to Hunt's
cone response function. Both are S shaped which implies that there are
maximum and minimum stimuli limitations.
1.1.7.3 The normalizing constant of the normalizing illuminance, A(A)r)
The calculation of achromatic brightness, Br, uses a normalizing
constant of the reference illuminant, Px(L\r). The formula is the same as the
nonlinear characteristics of the three receptors.
A(A>r) =
6.469 + 6.3620f95
6.469 +40.4495
where
L0r=0.2E0rln
(1.1.7.12)
(1.1.7.13)
1.1.7.4 Tri-chromatic responses
Tri-chromatic responses which are similar to Hunt's cone responses,
91, and SB have nonlinear relationships to R , G and B .
@ = stf
= stf
G& =s
R + l
I-oS + lJ
G + l
A(*>
Pi(G)
M + i
B + l
&<o)
ZoC+iJ
The s/ is defined in equation 1.1.7.20.
(1.1.7.14)
(1.1.7.15)
(1.1.7.16)
1.1.7.5 Unnormalized Opponent-color responses
The quanities q, t and p correspond to unnormalized responses of
whiteness-blackness, redness-greenness, and
yellowness-blueness.
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q = -log& +UogJ
r = log^-^log^ + i-log^
p = -logj + log^-|log0
And it's expanded forms are
q =h1(R0)log^+U(G0)log^l-+ log^
3 Y0q + 1 3 Y0ri + 1
t =P1(R0)log1^Mpi(G0)log-^ + ^P2(B0)log B+ *U + l 11' yorj + l 11' r0<r+i
5 + 1
p=5ft(^)log^TI+|ft(G)to^-?ft<B->^-u+1
(1.1.7.17)
(1.1.7.18)
(1.1.7.19)
(1.1.7.20)
(1.1.7.21)
(1.1.7.22)
The parameter f is found only for q not in r and p. As Nayatani stated
(1990), the model does not take, into consideration other than a gray
background with 70=20 relative to PRD (Perfect Reflecting Diffuser) where
Y=100.
1.1.7.6 Condition of grayness constancy
The condition of grayness constancy (whiteness = blackness) requires
q=0 for the achromatic sample with Yo=20.
fftWlogff14ft(G)logMl + ,o^=0
(1.1.7.23)
&/ is obtained by solving the equation 1.1.7.19.
>o + l
|a(r0)
20 + l
Ya7] + 1
20r/ + l_
;A(Co)
(1.1.7.24)
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1.1.7.7 es(6)
The parameter es is an eccentricity factor, the same as those used by
Hunt (section 1.1.6.13). Each angle represents NCS unique colors.
es(R) = 0.S, 6R =
20.14
es(Y) = 0.1, 6Y
e,(G) = 1.0, 6G =
164.25
es(B) = 1.2, 6B =
231.00
(1.1.7.25)
(1.1.7.26)
(1.1.7.27)
(1.1.7.28)
e,(W
o<e<eR
9<9<9Y
'[{6 + 360 - 6B)es(R) + {9R - 9)es(B)] I <pRB,
[{e-eR)es(Y) + (dY-d)es(R)]l<t>YR,
[{6 - 9Y)es(G)+ {dG-6)es(Y)]l0GY,
[{e-eG)es(B) + {9B-e)es(G)]/<t>BG,
[(e-eB)eAR) + {dR+360-d)es(B)]l<t>RB, 9B<9<360
ft - " ~* "r
9Y<9<9G
9G<9<9B
where
0SB =
149.14
0ra
0^=74.25
0BC =
66.75
(1.1.7.29)
(1.1.7.30)
(1.1.7.31)
(1.1.7.32)
(1.1.7.33)
1.1.7.8 Appearance attributes
Whiteness-blackness, Q
41.69 (2
Q =A(^K3
-
A(/?0)e(/?)log^^T + xA(G0)c(G)log:
where
e(i?)
e(G)
20^ + 1
3'
1.758, /?> 20^
1, /?<20|
1.758, G207J
1, G < 20?7
20T7 + 1J
(1.1.7.34)
(1.1.7.35)
(1.1.7.36)
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Redness-Greenness, T
T =
488.93
A(*v)
e.(6)
.^^r^il^1^
Yelloxvness-Blueness, P
P =
488.93
A(AJ
/
es(9) iAWtog^^AWbg^-f/Wlog^ Id 1 .7-38)
Achromatic Brightness, Br
(1.1.7.39)
*Note
B^,: Achromatic Brightness for white.
Brw(D65>Eor)' Achromatic Brightness for reference illuminant.
Lightness,
L*
41 69 7 + 1
L*
= ii2lfi(L)e(7)log + 50
A(4r) 21
(1.1.7.40)
where
e(Y)
1.758, y > 20
1, Y < 20
(1.1.7.41)
Colorfulness, M
2 , d2n1/2M = (Tl + PA)
B
= C-
B
B^D^EJ B^D^EJ
Mrg'TK(d65,ej
My = P
B
B(Da,E)
(1.1.7.42)
(1.1.7.43)
(1.1.7.44)
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Chroma, C
C = (T2 + P2)m (1.1.7.45)
Hue Angle, 9
B
r
Ao-R
n '
/_
B
T-P Plane RG-YB Plane
Fig. 1.26 Metric hue angle in P-T plane and RG-YB plane.
9 = \&n\PIT) (1.1.7.46)
if 0, is 9Y < 91 < 9G
9G-91
=
es(G)
97-9Y e,(Y)
(1.1.7.47)
TABLE 1.3 Metric Hue Angle
Hue 9 0*
R 20.14 0
YR 57.40 45
Y 90.00 90
GY 120.57 135
G 164.25 180
BG 194.59 225
B 231.00 270
PB 280.71 292.5
P 320.48 315
RP 353.02 337.5
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Saturation, s
s = -
M
B.
Sjt-rz "
yB^D^EJ
MB_r.
= C K
Br
B.
= T
WD65,Eor))
MY-B
'
B^_
B^D^EJ)
= P
Br
K
B.
(1.1.7.48)
(1.1.7.49)
(1.1.7.50)
Brightness, Bc
Bc=(Br2
+ = Br 1 +
a
I [B(Da,E)]3
^(T2
+ P2)
(1.1.7.51)
Note : a in Fig. A-2 (Nayatani, 1988).
B B
/y
r.reference r.test
~
M2
'"
reference '"test
(1.1.7.52)
Equations used for the experiment.
Knowns for calculation.
ME__P : Estevez-Hunt-Pointer Primaries
Xnref, Ynnf, Znre/ : White reference TSV for the reference field
Xntes Ynus ZnMa : White reference TSV for the test field
Xre/, Yref, Zref : TSV of corresponding color for the reference field
0r : Normalizing illuminance in lux (1000 lux)
Unknowns are X^,, Yles Zto(
Pre-calculation
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(1) Calculate the chromaticity values for the illuminants.
Xref ~
n.ref
X
n.ref
+ *
KJej
+ ZnTef y +y +7"n.test T * n.test ^ '-'n.test
V - ""/
"f Y 4. V 4-7 J*"'
An,ref
"" l
n.ref
"*"
^n.ref
ytest Y +V _i_7
n.test n.test ^n.test
(1.1.7.53)
(2) Calculate ^, 77, C fr both fields.
Kf
Vref
Kf
= MF
Xref ' Yref itest
1 Vus,
Zref/Yref_ _?test_
= MC
*lest ' Ytest
1
test ' ytest
(1.1.7.54)
(3) Calculate , rj, for both fields.
Ro.ref
G0.ref
B,O.ref
0.2E
O.ref
K
'KA ^0, test
Vref Go.test
u\ Attest _
.
0-20,t
%
Vtesl
'Itesl
vtest
(1.1.7.55)
(4) Calculate A(*o)> A(G0), P2(B0) for both fields.
6.469 + 6.362<r75
P^.refXef ~ fi^ + ^0;4495
6.469 + 6.362G0r75
Pl(G0MXef--
6A69+G0Mp
P2(Bo,ef)ref =0.7844
8.414 + 8.091<^28
8.414 + <^28
Al\w'ii
Pi v'-'o.kmi 'lasl
0.4495
6.469 + 6.362/?,
6.469 +<r
6.469 + 6.362G0044-'O.tesl
10.4495
),test6.469 + G0U;
8.414 + 8.091B^
50.5128
A(Au->- = -7844"8;4i4 +<-f
(1.1.7.56)
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(5) Calculate P^(L0r)ior reference field using equation (1.1.7.12)-
(1.1.7.13).
A,r=0.20r/7r
B(L N_6-469 + 6.362gP^ Or) , .,_ o.449i
0.4495
6.469 + L^4 95
(1.1.7.57)
(1.1.7.58)
Main-calculation
(1) Calculate R, G, B for reference field.
\Rref] KA
Gref = ME_H_P Yref
WA _Z*J
(1.1.7.59)
(2) Calculate e(R) and e(G) using equation (1.1.7.35)-(1.1.7.36).
(3) Calculate Whiteness-Blackness, Q for reference field using equation
(1.1.7.34).
T P
(4) Calculate and (Redness-Greeness and Yellowness-
es(9) es(9)
Blueness without es(9)) for reference field using equation (1.1.7.37M1.1.7.38).
(5) Calculate Hue Angle, 9 for reference field using equation (1.1.7.46).
(6) Calculate Hue Angle, es(9) for reference field using equation
(1.1.7.29).
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(7) Calculate Redness-Greeness, T and Yellowness-Blueness, P for
reference field by multipling es(9) (step 6) to -J and -- (step 4).
e,(fi) es(9)
H
(8) Calculate q, t, p for the test field considering QM = Qref, T^, = Tref,
and Ptal=Pref.
<7to, = 3-<2-AOwe,V/41.69
+A(Go.)-e(G)-log
f _n-rre/-A(4,./W
488.93-^(0)
V^, + l
/><*,=_
" ' "re/ ' A (^or.ref)ref
488.93-^(0)
(1.1.7.60)
where e.(0)se,(0^) =e,^)-
(9) Calculate AT,, /STC, /sTB
^ =23-gte,+(2-fM,
+ pBW)-e(G)
*
23-[2-e(fl) + e(G)]
23-qUsl-2-(2-tlest + plesl)-e(R)KG =
Kr.=
23[2-e(R)+ e(G)]
_
23 qlesl - [2 e(R) - e(G)] tUs, - [24 e(R) + 11- e(G)] - pu
23-[2-e(R) + e(G)]
where e(R) = e(flre/) = e(Rusl) and e(G) = e(Gref) = e(G,esl).
(1.1.7.61)
(10) Calculate RMI, G^,, B,test' "test' "test
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*,, = io"1<v")~-(]V<L, + i)-i
G,es, =Wl3,(G*')u"-(Y0-riusl + l)-l
B = 10A('-)-.(r0.Cail+l)-l
(1.1.7.62)
(11) Calculate Y , 7 , Ztest' tesf> ""fart
^(M( ^toi
Y* tell = M-E\H_P G,
7
. i*_ .Btest_
(1.1.7.63)
1.1.8 RLAB
The RLAB model developed by Fairchild and Berns (Fairchild and
Berns, 1993) can be thought of as a simplification of the Hunt model; it
incorporates viewing condition parameters and is mathematically efficient
and invertible, all necessary requirements for color WYSIWYG. It is based on
Fairchild's model of chromatic adaptation, uses CIELAB for perceptual
metrics, and takes into account differences in surround relative luminance.
1.1.8.1 Changes to fundamental tristimulus values
The first step of the model is a transformation from CIE tristimulus
values (X, Y, Z) to fundamental tristimulus values (L, M, S) using the
Estevez-Hunt-Pointer transformation (Hunt, 1985, Estevez, 1979, Nayatani,
1987).
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L= 0.4002X + 0.7076F-0.0808Z
M = -0.2263X + 1.16537 + 0.0457Z
S= 0.9182Z
(1.1.8.1)
(1.1.8.2)
(1.1.8.3)
The equations 1.1.8.1, 1.1.8.2 and 1.1.8.3 can be represented in matrix form as
in equation 1.1.8.4 and 1.1.8.5.
(1.1.8.4)
M =
L
~X~
M =M Y
_S_
z
where
0.4002 0.7076 -0.0808
-0.2263 1.1653 0.0457
O.C) 0.0 0.9182
(1.1.8.5)
1.1.8.2 Modified form of the von Kries chromatic adaptation transform with
incomplete chromatic adaptation
A von Kries model is modified to take account of the actual degree of
chromatic adaptation by making the multiplicative scaling factors functions
of the adapting conditions.
K = Pl'
4*
M
= pM~ZT
s
S
(1.1.8.6)
(1.1.8.7)
(1.1.8.8)
La, Ma, and Sa represent the cone signals after adaptation, L, M, and 5 are
the cone excitations, Ln, M, and Sn axe the maximum excitations generally
used in the von Kries model, and pL, pM, and ps are parameters representing
the degree of chromatic adaptation of each mechnism. The values of the
degree of adaptation parameters are functions of the chromaticity and
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luminance of the adapting source. These parameters will differ from unity
for sources for which adaptation is incomplete (Fairchild 1991).
To take into account incomplete chromatic adaptation, the degree of
adaptation for each mechanism is expressed as a function of the proportion of
excitation of that mechanism and luminance. The proportion of excitation is
defined by fundamental chromaticity coordinates rather than tristimulus
values. RLAB equations for this originate with Hunt. The modified
chromaticities are defined as:
1e = T M S (1L8-9)tlj | llN | ^N
LE ME SE
m*=T M
"
S (1.1.8.10)
LE ME SE
3^-
^ = L ^T (1.1.8.11)
LE ME SE
where LN, MN, and SN are the fundamental tristimulus values of the adapting
source or background and LE, ME, and SE are the fundamental tristimulus
values of an equal energy source. Including a dependency on luminance
whereby adaptation becomes more complete as luminance is increased the
degree of adaptation functions become:
pL =
(1 + F" +/f} (1.1.8.12)
(l + YNm +)
(i+r/'+Efe) (11813)
d+y;/3+^-)
mE
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Ps =
_(\+LT+sE)
a+r* 1/3+-)
(1.1.8.14)
where pL, pM, and ps are the degrees of adaptation, lE, mE, and s are the
modified fundamental chromaticity coordinates of the adapting stimulus,
and YN is the luminance of the adapting stimulus in units of cd/m2.
Equations 1.1.8.6-1.1.8.14 can be expressed in matrix form (equation
1.1.8.18) by forming matrix A using equations 1.1.8.15-1.1.8.17.
aL
-Pl
aM
-Pm
-Ps
a< =
(1.1.8.15)
(1.1.8.16)
(1.1.8.17)
A =
aL 0.0 0.0
0.0 aM 0.0
0.0 0.0 a.
' '
L
M'
= A M
S'
_
S
(1.1.8.18)
(1.1.8.19)
1.1.8.3 Luminance-dependent interaction between the three cone types
The last step of the transformation is to allow luminance dependent
interaction between the three cone types.
C =
'1 c c
c 1 c
c c 1
(1.1.8.20)
The c term was derived from the linkage model of Takahama et al (Takahama,
1977).
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c = 0.219- 0.0784 logl0(YN) (1.1.8.21)
~K
'
Ma = C M'
_sa_ _5'_
(1.1.8.22)
1.1.8.4 The model in matrix form
The La, Ma, and Sa of test and reference field can be expressed as
K Xref
Ma - Cref - Kef M- Yref
s._
.Zref\
K Xust
Ma = C -A^test ntest M- Y* test
sa
-test.
(1.1.8.23)
(1.1.8.24)
from equations 1.1.8.4, 1.1.8.19 and 1.1.8.22. By equating 1.1.8.23 and 1.1.8.24,
the entire model can be expressed as a single matrix equation.
il/f-1
. A -' . r"-]M K,-CZ-CrefAref-M
"ref
ref
J"I
.
(1.1.8.25)
Equations used for the experiment.
Knowns for calculation.
ME_H_P : Estevez-Hunt-Pointer Primaries
Xn.ref Y,ref> ^n.ref ' White reference TSV for the reference field
xn.usf Ynus Znusl : White reference TSV for the test field
Xref Yf, Zre/ : TSV of corresponding color for the reference field
YNnf : Luminance of the reference field in units of cd/m2
YNtUs, Luminance of the test field in units of cd/m2
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Unknowns are X, YM, ZM
Pre-calculation
(1) Calculate fundamental tristimulus values Ln, Mn, Sn
-'n.ref
M.*./
n,ref
= M.E-H-P
Xn.ref n.test
Y
n.ref Mn,,est
_
n.ref
_
^n.test
= MB
'Xn test
Yn test
LZ test
_
(1.1.8.26)
(2) Calculate chromatic adaptation matrix A
Since hardcopy is used in both fields, complete adaptation is
assumed.
v=
aL.ref =
1
~*n,ref
1
lM,ref M.
aL.test ~
*M,lesl
1
n.ref
^njest
1
MnMS,
1
US.ref =
$n,ref
"S.test ~
^n.test
L.ref 0.0 0.0
"
aL,test 0.0 0.0
0.0 aM.ref 0.0 Aesl
~ 0.0 aM.lest 0.0
0.0 0.0 aS,ref 0.0 0.0 aS,tesl
(1.1.8.27)
(1.1.8.28)
(3) Luminance-dependent interaction matrix C
Luminances were 214 cd/m2 for the reference field' 71, 214 and
624 cd/m2 for the test fields.
cre/ = 0.219-0.0784 log10(214)
= 0.03630
71
,
-0.219- ().07K4loj;l()( 214 ) 0 03630
624
(1.1.8.29)
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Cref = ''ref
Cref
Cre, Cref
1 Cref c -'"test
ref 1
1 c.test
1
c c
test ^tesl
"test
1
(1.1.8.30)
(4) In single matrix form
From the equation (1.1.8.25), the matrix portion can be
simplified.
RLAB= ME_,P A,-j, C Cref Are/ ME__P (1.1.8.31)
Main-calculation
RLAB'
X..
(1.1.8.32)
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1.2 Viewing Method
There are a number of viewing techniques that are applicable to testing
color appearance models: memory matching, haploscopic, and successive
haploscopic techniques (Wright, 1981).
1.2.1 MemoryMethod - Direct Scaling
This technique is suited to studying color appearance under the steady-
state-adaptation situation using solid color patches. It requires memorizing
perceptual attributes such as the Munsell or NCS designations. Since this
experiment uses pictorial scenes, the technique could not be validated for this
purpose. It would be too difficult for an observer to memorize a reference
image, wait until adapted in full and then make a judgment.
1.2.2 Haploscopic Viewing Method
An observer views the test field in one eye and judges it against a
reference field viewed in the other eye. The precision of haploscopic
matching is higher than memory method but lower than that of matches
made when viewing the two fields in the same eye, while the validity of the
technique depends on the assumption that adaptation of one eye does not
affect the sensitivity of the other eye. This is almost certainly not strictly true,
although the effect on the other eye is quite small, especially in relation to the
major changes in sensitivity in the directly adapted eye.
1.2.3 Successive Haploscopic Viewing Method
One eye is exposed to a given adapting stimulus while the second eye is
occluded. When the second eye is exposed to the second adapting stimulus,
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the first eye is occluded. The observer never views the two different adapting
situations simultaneously, but rather views them in succession. This method
leaves the state of adaptation undefined.
1.2.4 Successive-Ganz/eW Haploscopic Viewing Method
Because of the limitation in the memory , haploscopic and successive
haploscopic viewing methods, a new technique was developed. This
technique allows direct comparisons and matches to be made across different
adapting conditions. The technique eliminates binocular rivalry and
confusion of cognitive chromatic-adaptation mechanisms since only a single
stimulus is perceived at any given time. The main advantage of the
successive-Gattz/eld haploscopic viewing technique is that the state of the
sensory chromatic-adaptation mechamisms is well-defined and constant for
each eye while binocular rivalry and problems with cognitive mechanisms
are eliminated. Greater detail can be found in Fairchild, Pirrotta and Kim
(1993).
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2. EXPERIMENTAL
2.1 Apparatus
Hardware for the experiment consist of the viewing booth and the
successive-Ganzfeld haploscopic device.
2.1.1 Viewing Booth
The housings for the light bulbs were acquired from old Diano Lite
light boxes. The viewing booth was constructed using plywood. The layout
of the viewing booth was carefully designed so the two light housings could
fit well. The partition in the center was inserted so that either field or light
source does not interfere each other.
...-.'
.:
->:'
37"
15"
23"
Fig. 2.1 Viewing Booth. The right viewing field is illuminated with simulated
source A and the left field, simulated D65. Switches allow control of each bulb in
order to vary luminance.
The interior was painted with an approximately spectrally non
selective gray paint with a luminance factor of
0.2. Diffusing panels were
inserted underneath each set of light sources to improve the uniformity of
the illumination.
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2.1.2 Illumination
The right side of the booth (reference field) had tungsten bulbs closely
simulating CIE illuminant A at 214 cd/m2. The left side (test field) had high
color rendering fluorescent tubes with chromaticities near D65. The daylight
test field had three luminance level settings which were equivalent, 1 /3 and 3
times the luminance level of the reference illuminant A field (71, 214 and 642
cd/m2). The test field setting were named as D65-M, D65-L and D65-H for
convenience. The spectral power distributions are shown in Fig. 2.2 (spectral
data is in Appendix C).
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Fig. 2.2. Spectral power distribution plots of the sources
The measurement of luminances of the booth was made with a Photo
Research PR703 by measuring a piece of Halon as a white reference as it is
viewed from the viewing device. Three luminance levels of the test field
were achieved by manipulating an electrical power transformer, individual
switches for each bulb and a screen (no color, used to attenuate the light)
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underneath the bulbs. Detailed information such as TSV, luminance and
correlated color temperature on booth settings are shown in TABLE 2.1.
TABLE'. 2.1 llluminants used in the experiment.
X Y z
Luminance
(cd/m2)
Correlated Color
Temperature
Reference Illuminant
(simulated Source A) 115.20 100.00 25.06 214 2488
Test Illuminant
(Simulated D65-M) 94.73 100.00 102.89 71 6170
Test Illuminant
(Simulated D65-L) 94.92 100.00 96.85 214
5816
Test Illuminant
(Simulated D65-H) 94.44 100.00 101.58
642 6119
2.1.3 Successive-Ganz/eZd Haploscopic Devices
To achieve successive viewing, a shutter mechanism with diffusers
made from frosted Mylar was devised as shown in Fig. 2.3 (Fairchild,
Pirrotta, Kim, 1993). The observer could control via a foot pedal whether the
Ganzfeld blocked the test or reference field. The purpose of this alternating
Fig. 2.3 Operation of successive haploscopic device
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viewing was to maintain each eye's state of chromatic adaptation while
preventing the simultaneous viewing of images. A detailed diagram (Fig. F-
1) of the device is shown in Appendix F.
2.2 Sample Preparation
Four images were acquired from ISO SCID (Standard Color Image
Data)1 set: "fruit basket," "orchid," "musicians," and "candles." The four-
color CMYK 8 bit 2048 by 2560 pixel images were transformed into 3 color
CMY 8 bit 1024 by 1280 pixel images using lookup tables based on CIELAB
matching of the DuPont 4Cast dye-diffusion thermal-transfer printer.
The reason for the four (CMYK) to three (CMY) color conversion is to
avoid difficulty of 3 (XYZ) to 4 (CMYK) channels conversion which can result
in multiple solutions, which adds one more variable to the experiment. The
three color printed images were good enough to be used in the experiment
(the experiment does not include acceptability test).
When calculating corresponding colors, a significant shift in the color
gamut can result for some of the appearance models resulting in many
unprintable colors (e.g., LABHNU and CIELUV). To avoid gamut mapping as
another experimental variable, the reference images were compressed
linearly in CIELAB until all the models predicted corresponding colors that
were within the printer's gamut (see Fig. 2.4). (Because of this gamut
reduction, the exclusion of the black printer in the XYZ to CMY conversion
did not adversely affect the color image quality.) Four sets of the compressed
CMY 8 bit images were defined as the original reference images. Visual
inspection assured proper color balance and tone rendition.
1 It will be available in CD-ROM from ISO as ISO 12640, developed by ISO/TC130/WG2.
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Fig. 2.4 Gamut compression of original images. Pixel information was
transformed into LCH and L and C were used to calculate new color coordinates.
The XYZ values for the 125 5x5x5 target patches that were used to build
lookup tables were calculated with each of the illuminant and spectral
reflectance factors measured with a BYK-Gardner color-view. For example,
four sets of XYZ values were calculated, one with simulated source A for the
reference field and three others with D65-M, D65-L and D65-H for the test
fields.
To simplify the process of running many images through two
successive tetrahedral interpolation lookup tables, CMY to XYZ for the
reference condition and XYZ to CMY for each of three test conditions,
CMYreference to CMYtest lookup tables were built each with 33x33x33 entries
based on the method of Hung (1992) (Calibration result in Appendix B).
Once corresponding images were computed, image pairs were printed
for each pairwise combination of the eight appearance models corresponding
to 28 pairs in random order. This was repeated for each test field condition.
A different random order was used for each test condition.
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9.75"
20% reflectance
gray background
4.75"
Fig. 2.5 Sample layout of reference field image .
9.75"
0.25"
Fig. 2.6 Sample layout of test field image .
The layout of the reference field image is shown in Fig. 2.5. The size of
image was determined considering viewing angle and distance from viewing
device. The image is surrounded with 20% reflectance neutral. The CMY
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value for the neutral can be found using XYZ to CMY conversion method
using the 20% of reference white XYZ values.
The layout of the test field image is shown in Fig. 2.6. The size of the
image itself is the same as reference image. Each image represents an
appearance model. Each plate was numbered to identify the pair (paired
randomly).
2.3 Psychophysics
Thirty color-normal observers with varying imaging experience took
part in the experiment. Observers were instructed to select one of the images
from the test pair that most closely matched the reference image. The
following instructions were provided at the start of each experimental
session:
"In this experiment, you will be comparing two images at a time.
A reference image is on the right side of booths(source A
simulated), test images are on the left side of booths(D65
simulated). A reference image and tested images can not be seen
at the same time. One of them will be blocked with diffuser.
Using foot switch you can toggle between the booths. You must
choose from tested images by saying
'left'
or
'right'
which
appears closest to reference image. If they appear the same, you
must still make a choice. If you can't decide, just guess. Many
pairs of images will appear identical, please do not let this
frustrate you. You should make overall judgements and not
compare very small image areas. There are three sessions. Each
session has 4 scenes and 28 pairs of images per
scene."
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Three separate observering sessions were used corresponding to the
three test field conditions (D65-M, D65-L and D65-H). A total of 336
observations resulted per observer.
Observer data were collected and summed on tally sheets as in TABLE
2.2. Each cell represents preference of one model (column) over another
model (row). For example, the column 3 and row 4 cell which has 30 means
that CIELAB was preferred 30 times out of 30 over CIELUV.
rABLE 2.2 Count tally sheet
VK CIELAB CIELUV HNULAB RT Hunt Nayatani RLAB
VK * 1 6 0 0 3 15 1 0 13
CIELAB 14 * 0 0 1 14 1 3 1 5
CIELUV 30 30 * 28 30 30 30 30
HNULAB 30 30 2 * 16 30 25 30
RT 27 29 0 14 * 30 23 28
Hunt 15 1 6 0 0 0 * 8 1 5
Nayatani 20 1 7 0 5 7 22 * 21
RLAB 17 15 0 0 2 15 9 *
*Abbreviation note: VK-von Kries, RT-Reilly Tannenbaum.
Each cell was divided by the total number of judgments to calculate
proportions (TABLE 2.3). Using Thurstone's law of comparative judgments
(Gescheider, 1985, Appendix G), Z-scores were calculated (TABLE 2.4). The
column sum results in an interval scale where the larger the number, the
more accurate a model was in predicting appearance matches. The scale
values are in units of standard deviations ( 1/V2 =0.7071 represents 1
standard deviation). Differences between models greater than 1.39 are
statistically significant at a 95% confidence interval.
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TABLE 2.3 Normalized matrix
VK CIELAB CIELUV HNULAB RT Hunt Nayatani RLAB
VK * 0.53 0.00 0.00 0.10 0.50 0.33 0.43
CIELAB 0.47 * 0.00 0.00 0.03 0.47 0.43 0.50
CIELUV 1.00 1.00 * 0.93 1.00 1.00 1.00 1.00
HNULAB 1.00 1.00 0.07 * 0.53 1.00 0.83 1.00
RT 0.90 0.97 0.00 0.47 * 1.00 0.77 0.93
Hunt 0.50 0.53 0.00 0.00 0.00 * 0.27 0.50
Nayatani 0.67 0.57 0.00 0.17 0.23 0.73 * 0.70
RLAB 0.57 0.50 0.00 0.00 0.07 0.50 0.30 *
If normalized values are greater than 0.99 or smaller than
0.01, z-scores are clipped to 2.33 or -2.33.
TABLE 2.4 z-score matrix
VK CIELAB CIELUV HNULAB RT Hunt Nayatani RLAB
VK * 0.08 -2.33 -2.33 -1 .28 0.00 -0.44 -0.18
CIELAB -0.10 * -2.33 -2.33 -1 .88 -0.10 -0.18 0.00
CIELUV 2.33 2.33 * 1.48 2.33 2.33 2.33 2.33
HNULAB 2.33 2.33 -1.56 * 0.08 2.33 0.95 2.33
RT 1.28 1.75 -2.33 -0.10 * 2.33 0.71 1.48
Hunt 0.00 0.08 -2.33 -2.33 -2.33 * -0.64 0.00
Nayatani 0.41 0.15 -2.33 -0.99 -0.74 0.61 * 0.52
RLAB 0.15 0.00 -2.33 -2.33 -1.56 0.00 -0.52 *
SUM 6.40 6.72 -15.54 -8.93 -5.38 7.50 2.21 6.48
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3. RESULTS AND DISCUSSION
The z scores along with their 96% confidence limits ( 2 a, standard
deviation) for each image and the four images combined (total) are shown in
Fig 3.1 - 3.19. Each model is shown along the ordinate in order of the
combined scale value (z-score).
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Results for the same luminance level are shown in Fig. 3.1-3.6. The results show
that there are three groups. Group 1, which is CIELAB, Hunt, RLAB and von
Kries, shows no significant difference in result with total between models.
Group 1 models are all based on von Kries type of adaptation and sample
targets are similar (Hunt and RLAB at the same luminance level are the same as
von Kries). Group 2, which are Nayatani, Reilly-Tannenbaum and
LABHNU, shows statistically no significant difference in result with total
between models. Group 2 models include at least partial von Kries type of
adaptation. Group 3, which is CIELUV, was not an effective appearance
model. CIELUV does not uses typical von Kries type of adaptation. The
result with image candle shows no clear differentiation between Group 1 and
Group 2 for the same luminance level. The result with the Orchid image, which
has a dominant dark tinted background, shows that CIELUV was better than
Nayatani. The Nayatani model did not do very well with dark colors. Except
for the some of the saturated colors which are shown in Fruit Basket,
Nayatani's model performed close to the Group 1 models.
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Result for the 1/3 luminance level are shown in Fig. 3.7-3.12. The result shows
that there are three groups. Group 1, which is CIELAB, Hunt, RLAB, von
Kries and Nayatani, shows no statistically significant difference in result with
total between models. Group 1 models are all based on von Kries type of
adaptation. Hunt Nayatani, and RLAB take into account luminance level
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changes. Result shows that at the 1/3 luminance level the luminance
dependency model is not working very well. Note that for a reduced
luminance level the Nayatani model is in Group 1. It's luminance level
consideration is the major reason. Group 2, which are Reilly-Tannenbaum
and LABHNU, shows statistically no significant difference in result with total
between models. Group 3 which is the worst one among the models is
CIELUV. Dark color problems with Nayatani's model were repeated for the
1/3 luminance level.
Appearance Model
Fig. 3.8. Z-score plot of Total at the 1/3 luminance level
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Appearance Model Appearance Model
Fig. 3.9. Z-score plot of Orchid at the 1/3
luminance level
Fig. 3.10. Z-score plot of Candles at the 1/3
luminance level
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Fig. 3.12. Z-score plot ofMusicians at the
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Results for the 3 times luminance level are shown in Fig. 3.13-3.18. There are
again three groups. Group 1, which is CIELAB, Hunt, RLAB and von Kries,
shows no significant difference in result with total between models. Group 1
models are all based on von Kries type of adaptation. Group 2, which are
Reilly-Tannenbaum, LABHNU and Nayatani, are positioned between group 1
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and group 3. There is a statistically significance difference between Reilly-
Tannenbaum and Nayatani. Nayatani's model includes a luminance
dependency. Group 3, which is CIELUV, was not an effective appearance
model. Nayatani's luminance dependency made results of this model worse
than the same luminance and 1/3 luminance levels. It is obvious that Nayatani's
luminance dependency does not properly predict the effect of changes in
luminance under the same conditions.
Appearance Model
Fig. 3.14. Z-score plot of Total at the 3 times luminance level
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The model order changed slightly with differences in adapting luminance
level of the test field; these differences, however, were not statistically
significant. This was a somewhat surprising result. The models of von Kries,
CIELAB, CIELUV, Reilly-Tannenbaum, and Richter are all luminance
invariant while the remaining models take into account adapting luminance.
This suggests that for these experimental conditions, luminance did not affect
observer judgments of hue, lightness, and chroma. This result may not
persist for different experimental conditions or when viewing single stimuli
rather than images.
The models which showed poorer performance also showed strong
image dependence. This was particularly notable for the Nayatani model
results. Image "orchid" always yielded very poor performance because of its
predominant dark-bluish background. The Nayatani model predicts a large
change in hue and lightness of the background to take into account the
Helson-Judd1 and Steven's effects.2 The effects were not observed causing the
large discrepancy between the observed and predicted results. The LABHNU
model provides another image-dependent example where the image "fruit
basket"
always had the poorest performance; in this case the hues of the high-
chroma fruit colors were incorrectly predicted.
The average for all four images and three test field conditions is shown
in Fig. 3.19. The appearance models could be divided into three statistical
categories. The first category consisted of von Kries, CIELAB, Hunt, and
RLAB; these models produced images that most closely matched the reference
images. The differences between these models were not statistically
significant. The second category consisted of LABHNU, Reilly-Tannenbaum,
1 see 1.1.6.9
2 see 1.1.6.22
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Fig. 3.19 Plot of z-scores for average of all three luminance levels.
and Nayatani which produced significantly poorer results. The third category
consisted of CIELUV producing the worst results. For these viewing
conditions, von Kries-based appearance models, with the exception of
Nayatani, were the most effective models in yielding color appearance
matches. The Nayatani model could be improved to the level of performance
of the other von Kries-type models by reducing the Helson-Judd and Steven's
effects. Both effects adversely altered the tone reproduction by changing the
gray balance (light grays became yellowish and dark grays became bluish) and
reducing contrast. Changes in tone reproduction and gray balance are very
noticeable in images.
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4. CONCLUSION
The color appearance models of von Kries, CIELAB, Hunt, and RLAB,
which are based on von Kries type adaptation, were the most effective models
in predicting color appearance matches under the conditions studied:
successive-Ganzfeld haploscopic viewing, fluorescent-daylight and tungsten
sources, and pictorial stimuli.
Luminance dependent models such as Hunt and RLAB did not
perform better than von Kries or CIELAB with varying luminance levels.
Nayatani's model did not perform as well as the other von Kries type models,
but it's luminance dependency became effective when the luminance level
was reduced. This was not true for the tripled luminance level. CIELUV, which
does not have an effective adaptation term, (subtraction rather than division
like von Kries) performed most poorly among the models. Clearly, the
proportionality rule of the von Kries model was capable of predicting most of
the effect of changing illuminants as described in this thesis.
LABHNU, which is similar to CIELUV but uses X and Z terms instead
of chromaticity (x, y) to determine hue, performed better than CIELUV. This
implies that the use of chromaticity values is not as effective as using TSVs.
It is interesting to note that the simplest models, CIELAB, von Kries,
and RLAB were as least as effective as the much more complicated Hunt, and
Nayatani models. WYSIWYG color transformations may thus be practical for
(using colorimetry based) some hardcopy systems.
This psychophysical experiment, however, generated interval scales of
matching effectiveness, not scales of acceptability. The issue of acceptability,
so important in a practical system, is not addressed. Further testing is
required under typical WYSIWYG conditions (in order to determine
93
acceptability). From the author's subjective point of view, the color
appearance models of von Kries, CIELAB, Hunt, and RLAB are performing as
barely acceptable. Since there is no absolute reference, judgment is only
possible by comparison. With development of better models, the subjective
acceptablity can be changed easily.
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Appendix A DuPont 4Cast Dye Diffusion Thermal
Transfer Printer Characteristics
C: D
Ml 0
Yl 0
Ci 51
K: 0
Y: 0
C:102
H: 0
Yt 0
CI153
Ht 0
Yi 0
Ct204
Mi 0
Yt 0
Ct255
H: 0
Yt 0
Ct 0
H: D
Yt 51
Ci 51
Hi 0
Yl 51
CilC-2
Mi 0
Yl 51
Ctl53
Ht 0
Yi 51
Ct 0
Mt 0
Y; 102
Ci 51
Mi 0
Y:102
Ctl02
Mt 0
Yil02
Cil53
Mi 0
Y:102
H: 51
Yt 0
Mi 51
Y: 0
C: 102
Hi 51
Yi 0
Cil53
Hi 51
Yt 0
C-.204
Ht 51
Yt 0
Ci 0
Hi 51
Yi 51
Ct 0
Mi 51
Yil02
Ci 0
H:102
Yt 0
Ct 51
Kil02
Yt 0
Ci 0
Mi 102
Yi 51
Ct 0
H: 102
Y:102
Hil03
Yt 0
H:103
Y: 0
Ci 0
M:103
Yi 51
Ci 0
H: 103
Y:102
C: 0
Mil54
Yi 0
Ci 51
Mtl54
Y: 0
C: 0
Ht255
Yt 0
C: 0
Hi 0
Y:153
Ci 51
Hi 0
Yil53
C:102
H: 0
Y:1S3
C:1S3
Ht 0
Y:1S3
Ci 0
Ml 0
Yi204
C: 51
M: 0
Y[204
C:102
Mi 0
Y:204
C:153
Hi 0
Y:204
Ct 0
Hi 0
Y:25S
C: 51
Mt 0
Y:2S5
C:102
Ht 0
Y:2SS
C:153
H: 0
Y:255
C:25S
Hi 0
Y:255
C: 0
H: 51
YtlS3
C: 0
Mi 51
Y:204
Ci 0
H> 51
Y:255
C:255
Hi 51
C: 0
H:102
Y:153
C: 0
Mi 102
Y:204
C; 0
M:102
Y:255
C:255
Mtl02
Y:255
C: 0
Mil03
Y:153
Ct 0
M: 101
Y:204
C: 0
H:103
Y:2SS
C:25S
M:153
Yt255
C:255
Mt204
Y:255
Ci 0
M:255
Y:2SS
Ct 51
Mi25S
Y:25S
C: 10?
M:2S5
Y:2S5
Cil53
M:255
Yt255
C:204
M:255
Y:2S5
C:255
M:2SS
Y:2SS
Fig. A-l. Test target for printer calibration and stability test
To see the variability of the printer, three test targets shown in Fig. A-l
consists of 216 color patches each CMY values ranging from 0 to 255 in 6 steps
were printed and measured during test image printing using BYK-Gardner
color-view. CIELAB values for D65 and
2
standard observer were
calculated from the spectral data. Standard deviations from the three prints
were calculated. The TABLE A-l shows the average, minimum and
maximum values of the standard deviations of the 216 patches. With 96% of
confidence, one can say that the variability of the printer is A^ 1.18
(^(0.32 x 2)2 + (0.34 x 2)2 + (0. 36 x
2)2 ) during the sample generation.
TABLE A-l. DuPont 4Cast dye diffusion thermal transfer printer stability
test result
Average of 21 6 Standard Deviations
Minimum of 216 Standard Deviations
Maximum of 216 Standard Deviations
0.32
0.05
0.62
0.34
0.02
0.83
b*
0.36
0.02
0.88
A-l
Appendix B Printer Calibration using Tetrahedral
Interpolation Evaluation
To verify the precision of the CMY to XYZ conversion method (tetrahedral
interpolation method) which was built based on 5x5x5 target1 patches, TSVs
were calculated from spectral reflectance data measured with a BYK-
Gardner color-view using spectral radiance information of specific
illuminant. For the CMY to XYZ, D65 was used), 6x6x6 target2 was generated
and measured. Only 8 of 216 6x6x6 target patches have same CMY values of
125 5x5x5 target patches. AE*^ values were calculated from the measured
TSVs of 216 6x6x6 target patches and predicted TSVs by the CMY to XYZ
conversion method. The result is shown in TABLE B-l and Fig. B-l. The
calibration evaluation result includes printer variability.
TABLE B-l. Statistical result of CMY to XYZ conversion using Tetrahedral
LUT method
Mean Std Dev
Std Err
Mean
upper
95% Mean
lower 95%
Mean N
2.5477 1.3524 0.0920 2.7291 2.3664 216
The verification of XYZ to CMY conversion method used a similar
technique as in CMY to XYZ conversion verification. XYZ values used
were from CMY to XYZ conversion, which could be treated as arbitrary but
well distributed throughout the color space. Because of errors during the
calculation, 18 of the 216 XYZ values were out of range for the XYZ to CMY
1 5x5x5 target means combination of 5 steps of Cyan, 5 steps of Magenta and 5 steps of Yellow,
totaling 125 patches . For the 5 stpes, 0, 63, 127, 191 and 255 were used.
2 6x6x6 target means combination of 6 steps of Cyan, 6 steps of Magenta and 6 steps of Yellow,
totaling 216 patches . For the 6 stpes, 0, 51, 102, 153, 204 and 255 were
used.
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conversion method and were dropped. The result is shown in TABLE B-2
and Fig. B-2.
TABLE B-2. Statistical result of XYZ to CMY conversion using Tetrahedral
LUT method
Mean
2.5717
Std Dev
1.4402
Std Err
Mean
0.1023
upper
95% Mean
2.7736
lower 95%
Mean
2.3699
N
198
The image transformation process for the experiment shown in Fig. 1.1
involves two LUT conversions which are CMY to XYZ and XYZ to CMY.
This process was merged into one LUT to process CMYref to CMYtest- To
estimate the error, the CMY to XYZ conversion LUT and XYZ to CMY
conversion LUT were merged and 216 6x6x6 target patches were processed.
The test result is shown in TABLE B-3 and Fig. B-3. The result shows that
the error of the merged LUT is similar to the error of the each individual
LUT; the error does not add.
TABLE B-3. Statistical result of merged LUT of CMY to XYZ and XYZ to
CMY conversions using Tetrahedral LUT method
Mean
2.4959
Std Dev
1.0639
Std Err
Mean
0.0724
upper
95% Mean
2.6386
lower 95%
Mean
2.3532
N
216
B-2
Quantiles
maximum 100.0% 7.4500
99.5% 7.4364
97.5% 6.3015
90.0% 4.2320
quartile 75.0% 3.0700
median 50.0% 2.3850
quartile 25.0% 1 .6700
10.0% 1 .0680
2.5% 0.6685
0.5% 0.5925
minimum 0.0% 0.5900
Fig. B-l. CIELAB AE^ distribution of CMY to XYZ conversion using
Tetrahedral LUT method (216 patches used)
-
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Quantiles
maximum 100.0% 7.0200
99.5% 7.0200
97.5% 6.2215
90.0% 4.7260
quartile 75.0% 3.5375
median 50.0% 2.2200
quartile 25.0% 1.4375
10.0% 0.9560
2.5% 0.5072
0.5% 0.2000
minimum 0.0% 0.2000
Fig. B-2. CIELAB A^ distribution of XYZ to CMY conversion using
Tetrahedral LUT method (198 patches used)
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Quantiles
maximum 1 00.0% 6.7727
99.5% 6.7496
97.5% 5.1421
90.0% 3.7133
quartile 75.0% 3.1334
median 50.0% 2.4333
quartile 25.0% 1.7325
1 0.0% 1.1129
2.5% 0.8070
0.5% 0.5513
minimum 0.0% 0.5354
Fig. B-3. CIELAB AE'^ distribution of merged LUT of CMY to XYZ and XYZ to
CMY conversions using Tetrahedral LUTmethod (216 patches used)
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Appendix C Light Source Data
TABLE C-l. Spectral data of the light sources
wavelength
(nm)
source A
(w/sr.m2/nm)
D65-M
(w/sr-m2/nm)
D65-L
(w/sr-m2/nm)
D65-H
(w/sr-m2/nm)
390 1.15E-04 6.31 E-04 1.66E-04 1.29E-03
392 1.30E-04 7.22E-04 1.76E-04 1.48E-03
394 1.54E-04 7.66E-04 1.89E-04 1.59E-03
396 1.69E-04 8.14E-04 2.06E-04 1.71 E-03
398 1.89E-04 9.14E-04 2.33E-04 1.95E-03
400 2.16E-04 1.07E-03 2.62E-04 2.40E-03
402 2.36E-04 1.30E-03 3.15E-04 3.03E-03
404 2.62E-04 2.72E-03 6.40E-04 6.68E-03
406 2.85E-04 3.61 E-03 8.22E-04 8.64E-03
408 3.15E-04 2.41E-03 5.59E-04 5.58E-03
410 3.33E-04 1.57E-03 4.00E-04 3.54E-03
412 3.57E-04 1.41 E-03 3.77E-04 3.02E-03
414 3.81E-04 1.41 E-03 3.84E-04 2.97E-03
416 4.02E-04 1.46E-03 4.06E-04 3.03E-03
418 4.18E-04 1.53E-03 4.30E-04 3.16E-03
420 4.38E-04 1.63E-03 4.58E-04 3.36E-03
422 4.59E-04 1.75E-03 4.85E-04 3.67E-03
424 4.82E-04 1.90E-03 5.15E-04 4.03E-03
426 5.10E-04 2.08E-03 5.46E-04 4.45E-03
428 5.27E-04 2.21 E-03 5.83E-04 4.76E-03
430 5.46E-04 2.40E-03 6.21E-04 5.23E-03
432 5.70E-04 2.80E-03 6.98E-04 6.37E-03
434 5.88E-04 5.18E-03 1.28E-03 1.24E-02
436 6.23E-04 1.08E-02 2.52E-03 2.47E-02
438 6.47E-04 9.26E-03 2.14E-03 2.06E-02
440 6.72E-04 4.59E-03 1.08E-03 1.02E-02
442 6.89E-04 3.40E-03 8.46E-04 7.53E-03
444 7.12E-04 3.25E-03 8.34E-04 7.12E-03
446 7.47E-04 3.29E-03 8.42E-04 7.19E-03
448 7.73E-04 3.34E-03 8.64E-04 7.28E-03
450 8.01E-04 3.39E-03 8.71E-04 7.39E-03
452 8.26E-04 3.42E-03 8.99E-04 7.44E-03
454 8.64E-04 3.49E-03 9.19E-04 7.60E-03
456 8.94E-04 3.59E-03 9.41E-04 7.88E-03
458 9.43E-04 3.65E-03 9.53E-04 8.00E-03
460 9.70E-04 3.59E-03 9.60E-04 7.85E-03
462 1.04E-03 3.79E-03 9.64E-04 8.37E-03
464 1.05E-03 3.69E-03 9.68E-04 8.11E-03
466 1.09E-03 3.66E-03 9.71E-04 8.04E-03
C-l
468 1.13E-03 3.66E-03 9.73E-04 8.03E-03
470 1.16E-03 3.67E-03 9.67E-04 8.10E-03
472 1 .21 E-03 3.66E-03 9.64E-04 8.04E-03
474 1.24E-03 3.60E-03 9.57E-04 7.90E-03
476 1.31 E-03 3.66E-03 9.49E-04 8.07E-03
478 1.35E-03 3.67E-03 9.46E-04 8.12E-03
480 1.38E-03 3.57E-03 9.36E-04 7.85E-03
482 1.41E-03 3.54E-03 9.34E-04 7.77E-03
484 1.45E-03 3.46E-03 9.27E-04 7.56E-03
486 1.49E-03 3.42E-03 9.19E-04 7.48E-03
488 1.54E-03 3.43E-03 9.14E-04 7.53E-03
490 1.58E-03 3.37E-03 9.08E-04 7.40E-03
492 1.63E-03 3.37E-03 9.06E-04 7.39E-03
494 1.67E-03 3.35E-03 8.98E-04 7.35E-03
496 1.71E-03 3.31 E-03 8.86E-04 7.30E-03
498 1.76E-03 3.28E-03 8.85E-04 7.20E-03
500 1.80E-03 3.26E-03 8.84E-04 7.17E-03
502 1.85E-03 3.27E-03 8.86E-04 7.20E-03
504 1.91E-03 3.31 E-03 8.97E-04 7.28E-03
506 1.97E-03 3.34E-03 8.99E-04 7.37E-03
508 2.03E-03 3.38E-03 9.10E-04 7.45E-03
510 2.08E-03 3.42E-03 9.18E-04 7.54E-03
512 2.12E-03 3.42E-03 9.33E-04 7.54E-03
514 2.18E-03 3.46E-03 9.45E-04 7.63E-03
516 2.24E-03 3.51 E-03 9.59E-04 7.72E-03
518 2.30E-03 3.55E-03 9.69E-04 7.81E-03
520 2.37E-03 3.62E-03 9.82E-04 7.95E-03
522 2.43E-03 3.67E-03 9.89E-04 8.06E-03
524 2.47E-03 3.65E-03 9.90E-04 8.01E-03
526 2.53E-03 3.67E-03 9.94E-04 8.06E-03
528 2.59E-03 3.67E-03 9.96E-04 8.06E-03
530 2.66E-03 3.71 E-03 9.83E-04 8.24E-03
532 2.70E-03 3.67E-03 9.88E-04 8.09E-03
534 2.77E-03 3.66E-03 9.88E-04 8.07E-03
536 2.82E-03 3.66E-03 9.86E-04 8.08E-03
538 2.89E-03 3.66E-03 9.78E-04 8.14E-03
540 2.95E-03 3.66E-03 9.72E-04 8.20E-03
542 3.00E-03 3.79E-03 1.01E-03 8.65E-03
544 3.06E-03 5.54E-03 1.48E-03 1.33E-02
546 3.13E-03 8.38E-03 2.17E-03 2.01E-02
548 3.21E-03 7.64E-03 1.92E-03 1.80E-02
550 3.26E-03 4.59E-03 1.18E-03 1.05E-02
552 3.32E-03 3.56E-03 9.47E-04 8.00E-03
554 3.40E-03 3.46E-03 9.24E-04 7.74E-03
556 3.45E-03 3.38E-03 9.23E-04 7.46E-03
558 3.53E-03 3.35E-03 9.22E-04 7.40E-03
560 3.60E-03 3.33E-03 9.12E-04 7.34E-03
562 3.67E-03 3.28E-03 9.02E-04 7.28E-03
564 3.75E-03 3.28E-03 8.85E-04 7.28E-03
C-2
566 3.80E-03 3.23E-03 9.03E-04 7.13E-03
568 3.88E-03 3.22E-03 8.99E-04 7.11E-03
570 3.95E-03 3.22E-03 8.91E-04 7.14E-03
572 4.02E-03 3.22E-03 8.91E-04 7.14E-03
574 4.10E-03 3.31 E-03 9.16E-04 7.42E-03
576 4.17E-03 3.73E-03 1.01E-03 8.61E-03
578 4.24E-03 4.23E-03 1.12E-03 9.90E-03
580 4.31E-03 4.04E-03 1.07E-03 9.34E-03
582 4.38E-03 3.48E-03 9.45E-04 7.90E-03
584 4.46E-03 3.19E-03 8.86E-04 7.13E-03
586 4.53E-03 3.15E-03 8.81E-04 7.03E-03
588 4.59E-03 3.12E-03 8.78E-04 6.95E-03
590 4.67E-03 3.10E-03 8.72E-04 6.88E-03
592 4.74E-03 3.08E-03 8.69E-04 6.86E-03
594 4.83E-03 3.08E-03 8.67E-04 6.86E-03
596 4.90E-03 3.06E-03 8.66E-04 6.79E-03
598 4.97E-03 3.05E-03 8.63E-04 6.75E-03
600 5.04E-03 3.02E-03 8.58E-04 6.69E-03
602 5.12E-03 3.02E-03 8.56E-04 6.67E-03
604 5.21E-03 3.02E-03 8.53E-04 6.71E-03
606 5.29E-03 3.02E-03 8.47E-04 6.70E-03
608 5.38E-03 3.03E-03 8.42E-04 6.72E-03
610 5.45E-03 3.02E-03 8.50E-04 6.67E-03
612 5.54E-03 3.02E-03 8.47E-04 6.70E-03
614 5.59E-03 3.01 E-03 8.54E-04 6.66E-03
616 5.70E-03 3.04E-03 8.58E-04 6.76E-03
618 5.77E-03 3.07E-03 8.68E-04 6.84E-03
620 5.85E-03 3.11E-03 8.69E-04 6.95E-03
622 5.91E-03 3.21 E-03 9.05E-04 7.14E-03
624 5.99E-03 3.29E-03 9.29E-04 7.33E-03
626 6.09E-03 3.31 E-03 9.24E-04 7.41E-03
628 6.22E-03 3.38E-03 9.38E-04 7.57E-03
630 6.25E-03 3.39E-03 9.51E-04 7.59E-03
632 6.36E-03 3.46E-03 9.56E-04 7.73E-03
634 6.44E-03 3.36E-03 9.17E-04 7.53E-03
636 6.50E-03 3.17E-03 8.86E-04 7.06E-03
638 6.60E-03 3.10E-03 8.61E-04 6.89E-03
640 6.67E-03 3.10E-03 8.62E-04 6.87E-03
642 6.78E-03 3.13E-03 8.61E-04 6.94E-03
644 6.84E-03 3.08E-03 8.51E-04 6.82E-03
646 6.94E-03 3.11E-03 8.58E-04 6.88E-03
648 7.00E-03 3.21E-03 8.93E-04 7.13E-03
650 7.09E-03 3.51E-03 9.71E-04 7.80E-03
652 7.17E-03 3.74E-03 1.03E-03 8.33E-03
654 7.26E-03 3.84E-03 1.06E-03 8.59E-03
656 7.34E-03 3.93E-03 1.08E-03 8.83E-03
658 7.42E-03 4.22E-03 1.16E-03 9.49E-03
660 7.53E-03 4.49E-03 1.22E-03 1.01E-02
662 7.62E-03 4.40E-03 1.20E-03 9.88E-03
C-3
664 7.71 E-03 3.92E-03 1.07E-03 8.80E-03
666 7.82E-03 3.51E-03 9.60E-04 7.88E-03
668 7.93E-03 3.22E-03 8.75E-04 7.17E-03
670 7.93E-03 2.76E-03 7.59E-04 6.11E-03
672 8.04E-03 2.47E-03 6.91E-04 5.43E-03
674 8.16E-03 2.25E-03 6.13E-04 4.94E-03
676 8.20E-03 2.04E-03 5.82E-04 4.44E-03
678 8.41E-03 1.98E-03 5.66E-04 4.30E-03
680 8.42E-03 1.86E-03 5.34E-04 4.01E-03
682 8.46E-03 1.73E-03 5.08E-04 3.74E-03
684 8.58E-03 1.68E-03 4.90E-04 3.61E-03
686 8.65E-03 1.59E-03 4.69E-04 3.42E-03
688 8.77E-03 1.53E-03 4.47E-04 3.28E-03
690 8.83E-03 1.45E-03 4.34E-04 3.11E-03
692 8.92E-03 1.39E-03 4.18E-04 3.00E-03
694 9.05E-03 1.33E-03 4.01E-04 2.87E-03
696 9.11E-03 1.26E-03 3.82E-04 2.72E-03
698 9.18E-03 1.20E-03 3.66E-04 2.59E-03
700 9.27E-03 1.14E-03 3.48E-04 2.46E-03
702 9.35E-03 1.08E-03 3.27E-04 2.35E-03
704 9.44E-03 1.03E-03 3.12E-04 2.24E-03
706 9.56E-03 1.00E-03 3.01E-04 2.18E-03
708 9.64E-03 9.67E-04 2.91E-04 2.11E-03
710 9.70E-03 9.21E-04 2.75E-04 2.03E-03
712 9.80E-03 8.55E-04 2.51 E-04 1.94E-03
714 9.92E-03 8.42E-04 2.42E-04 1.86E-03
716 9.93E-03 7.97E-04 2.35E-04 1.77E-03
718 1.00E-02 7.53E-04 2.19E-04 1.66E-03
720 1.01E-02 7.23E-04 2.10E-04 1.61E-03
722 1.02E-02 7.03E-04 2.02E-04 1.58E-03
724 1.02E-02 6.59E-04 1.91E-04 1.47E-03
726 1.03E-02 6.31E-04 1.80E-04 1.42E-03
728 1.03E-02 6.09E-04 1.78E-04 1.37E-03
730 1.04E-02 5.84E-04 1.70E-04 1.27E-03
C-4
Appendix D Color Measurement Instruments
Photo Research FR-703
A spectroradiometer, it was used to measure light booth illuminance with a
piece of Halon as a target. The Photo Research PR-703 outputs spectral
information from 390nm to 730nm at 2 nm interval.
Minolta CS-100
A colorimeter, it was used when the illuminance of the booth was changed.
BYK-Gardner color-view
A spectrophotometer, calibration of the experiment is based on measurement
from this instrument.
D-l
Appendix E Experimental Result
* Abbreviation.
VK : von Kries
CLAB : CIELAB
CLUV : CIELUV
LABH : LABHNU
RT : Reilly-Tannenbaum
Nay : Nayatani
E-l
TABLE E-l. Count Tally sheet at the same luminance level
VK CLAB CLUV LABH RT Hunt Nay RLAB
VK 67 9 9 25 69 28 61
rotal CLAB 53 4 20 1 2 47 29 58
CLUV 1 11 1 16 112 113 113 101 1 14
LABH 111 100 8 62 105 66 107
RT 95 108 7 58 103 65 97
Hunt 51 73 7 15 1 7 27 59
Nay 92 91 19 54 55 93 89
RLAB 59 62 6 13 23 61 31
VK 1 6 0 0 3 15 1 0 1 3
rruit CLAB 1 4 0 0 1 14 13 15
Basket CLUV 30 30 28 30 30 30 30
LABH 30 30 2 1 6 30 25 30
RT 27 29 0 1 4 30 23 28
Hunt 15 1 6 0 0 0 8 15
Nay 20 1 7 0 5 7 22 21
RLAB 1 7 15 0 0 2 15 9
VK 9 5 3 9 23 1 20
Drchid CLAB 21 3 6 3 1 7 0 1 5
CLUV 25 27 25 25 25 1 4 27
LABH 27 24 5 1 0 21 4 28
RT 21 27 5 20 24 2 23
Hunt 7 13 5 9 6 0 23
Nay 29 30 16 26 28 30 30
RLAB 1 0 15 3 2 7 7 0
VK 20 2 1 4 15 4 1 6
Musician CLAB 1 0 0 4 0 1 1 3 1 4
CLUV 28 30 30 29 30 29 29
LABH 29 26 0 1 7 30 21 29
RT 26 30 1 13 28 20 26
Hunt 15 1 9 0 0 2 6 1 2
Nay 26 27 9 1 0 24 24
RLAB 1 4 1 6 1 4 1 8 6
VK 22 2 5 9 1 6 1 3 1 2
Dandles CLAB 8 10 8 5 13 1 4
CLUV 28 29 29 29 28 28 28
LABH 25 20 1 9 24 16 20
RT 21 22 1 1 21 20 20
Hunt 1 4 25 2 6 9 1 3 9
Nay 1 7 17 2 14 1 0 1 7 1 4
RLAB 1 8 1 6 2 10 1 0 21 1 6
E-2
TABLE E-2. Normalized matrix at the same luminance level
VK CLAB CLUV LABH RT Hunt Nay RLAB
Total
VK 0.56 0.08 0.08 0.21 0.58 0.23 0.51
CLAB 0.44 0.03 0.17 0.10 0.39 0.24 0.48
CLUV 0.93 0.97 0.93 0.94 0.94 0.84 0.95
LABH 0.93 0.83 0.07 0.52 0.88 0.55 0.89
RT 0.79 0.90 0.06 0.48 0.86 0.54 0.81
Hunt 0.43 0.61 0.06 0.13 0.14 0.23 0.49
Nay 0.77 0.76 0.16 0.45 0.46 0.78 0.74
RLAB 0.49 0.52 0.05 0.11 0.19 0.51 0.26
Fruit
Basket
VK 0.53 0.00 0.00 0.10 0.50 0.33 0.43
CLAB 0.47 0.00 0.00 0.03 0.47 0.43 0.50
CLUV 1.00 1.00 0.93 1.00 1.00 1.00 1.00
LABH 1.00 1.00 0.07 0.53 1.00 0.83 1.00
RT 0.90 0.97 0.00 0.47 1.00 0.77 0.93
Hunt 0.50 0.53 0.00 0.00 0.00 0.27 0.50
Nay 0.67 0.57 0.00 0.17 0.23 0.73 0.70
RLAB 0.57 0.50 0.00 0.00 0.07 0.50 0.30
Orchid
VK 0.30 0.17 0.10 0.30 0.77 0.03 0.67
CLAB 0.70 0.10 0.20 0.10 0.57 0.00 0.50
CLUV 0.83 0.90 0.83 0.83 0.83 0.47 0.90
LABH 0.90 0.80 0.17 0.33 0.70 0.13 0.93
RT 0.70 0.90 0.17 0.67 0.80 0.07 0.77
Hunt 0.23 0.43 0.17 0.30 0.20 0.00 0.77
Nay 0.97 1.00 0.53 0.87 0.93 1.00 1.00
RLAB 0.33 0.50 0.10 0.07 0.23 0.23 0.00
Musician
VK 0.67 0.07 0.03 0.13 0.50 0.13 0.53
CLAB 0.33 0.00 0.13 0.00 0.37 0.10 0.47
CLUV 0.93 1.00 1.00 0.97 1.00 0.97 0.97
LABH 0.97 0.87 0.00 0.57 1.00 0.70 0.97
RT 0.87 1.00 0.03 0.43 0.93 0.67 0.87
Hunt 0.50 0.63 0.00 0.00 0.07 0.20 0.40
Nay 0.87 0.90 0.03 0.30 0.33 0.80 0.80
RLAB 0.47 0.53 0.03 0.03 0.13 0.60 0.20
Candles
VK 0.73 0.07 0.17 0.30 0.53 0.43 0.40
CLAB 0.27 0.03 0.33 0.27 0.17 0.43 0.47
CLUV 0.93 0.97 0.97 0.97 0.93 0.93 0.93
LABH 0.83 0.67 0.03 0.63 0.80 0.53 0.67
RT 0.70 0.73 0.03 0.37 0.70 0.67 0.67
Hunt 0.47 0.83 0.07 0.20 0.30 0.43 0.30
Nay 0.57 0.57 0.07 0.47 0.33 0.57 0.47
RLAB 0.60 0.53 0.07 0.33 0.33 0.70 0.53
E-3
TABLE E-3. Z-score matrix at the same luminance level
VK CLAB CLUV LABH RT Hunt Nay RLAB
Total
VK 0.13 -1 .48 -1.48 -0.84 0.18 -0.74 0
CLAB -0.15 -1.88 -0.99 -1.28 -0.28 -0.71 -0.05
CLUV 1.41 1.75 1.48 1.56 1.56 0.99 1.65
LABH 1.41 0.95 -1.56 0.03 1.13 0.13 1.23
RT 0.81 1.28 -1.65 -0.05 1.04 0.1 0.84
Hunt -0.2 0.25 -1.65 -1.18 -1.08 -0.77 -0.03
Nay 0.71 0.67 -1 .04 -0.13 -0.13 0.74 0.64
RLAB -0.03 0.03 -1.65 -1.28 -0.88 0 -0.67
SUM 3.96 5.06 -10.91 -3.63 -2.62 4.37 -1.67 4.28
Fruit
Basket
VK 0.08 -2.33 -2.33 -1.28 0.00 -0.44 -0.18
CLAB -0.10 -2.33 -2.33 -1.88 -0.10 -0.18 0.00
CLUV 2.33 2.33 1.48 2.33 2.33 2.33 2.33
LABH 2.33 2.33 -1 .56 0.08 2.33 0.95 2.33
RT 1.28 1.75 -2.33 -0.10 2.33 0.71 1.48
Hunt 0.00 0.08 -2.33 -2.33 -2.33 -0.64 0.00
Nay 0.41 0.15 -2.33 -0.99 -0.74 0.61 0.52
RLAB 0.15 0.00 -2.33 -2.33 -1.56 0.00 -0.52
SUM 6.40 6.72 -15.54 -8.93 -5.38 7.50 2.21 6.48
Orchid
VK -0.52 -0.99 -1 .28 -0.52 0.71 -1 .88 0.41
CLAB 0.52 -1 .28 -0.84 -1.28 0.15 -2.33 0.00
CLUV 0.95 1.28 0.95 0.95 0.95 -0.10 1.28
LABH 1.28 0.84 -0.99 -0.44 0.52 -1.13 1.48
RT 0.52 1.28 -0.99 0.41 0.84 -1 .56 0.71
Hunt -0.74 -0.18 -0.99 -0.52 -0.84 -2.33 0.71
Nay 1.75 2.33 0.08 1.08 1.48 2.33 2.33
RLAB -0.44 0.00 -1.28 -1.56 -0.74 -0.74 -2.33
SUM 3.84 5.03 -6.44 -1.76 -1.39 4.76 -11.66 6.92
Musician
VK 0.41 -1 .56 -1.88 -1.13 0.00 -1.13 0.08
CLAB -0.44 -2.33 -1.13 -2.33 -0.36 -1 .28 -0.10
CLUV 1.48 2.33 2.33 1.75 2.33 1.75 1.75
LABH 1.75 1.08 -2.33 0.15 2.33 0.52 1.75
RT 1.08 2.33 -1 .88 -0.18 1.48 0.41 1.08
Hunt 0.00 0.33 -2.33 -2.33 -1.56 -0.84 -0.25
Nay 1.08 1.28 -1 .88 -0.52 -0.44 0.84 0.84
RLAB -0.10 0.08 -1 .88 -1 .88 -1.13 0.25 -0.84
SUM 4.85 7.84 -14.19 -5.59 -4.69 6.87 -1 .41 5.15
Candles
VK 0.61 -1.56 -0.99 -0.52 0.08 -0.18 -0.25
CLAB -0.64 -1 .88 -0.44 -0.64 -0.99 -0.18 -0.10
CLUV 1.48 1.75 1.75 1.75 1.48 1.48 1.48
LABH 0.95 0.41 -1 .88 0.33 0.84 0.08 0.41
RT 0.52 0.61 -1.88 -0.36 0.52 0.41 0.41
Hunt -0.10 0.95 -1.56 -0.84 -0.52 -0.18 -0.52
Nay 0.15 0.15 -1.56 -0.10 -0.44 0.15 -0.10
RLAB 0.25 0.08 -1 .56 -0.44 -0.44 0.52 0.08
SUM 2.61 4.56 -11.88 -1.42 -0.48 2.60 1.51 1.33
E-4
TABLE E-4. Count Tally sheet at 1/3 luminance level
VK CLAB CLUV LABH RT Hunt Nay RLAB
Total
VK 82 1 0 20 27 69 54 74
CLAB 34 5 17 14 48 53 38
CLUV 106 1 11 1 10 113 1 10 94 104
LABH 96 99 6 53 103 88 98
RT 89 102 3 63 91 81 96
Hunt 47 68 6 13 25 ?s;|||i:#: 46 49
Nay 62 63 22 28 35 70 68
RLAB 42 78 1 2 1 8 20 67 48
Fruit
Basket
VK 23 0 0 0 1 8 1 4 21
CLAB 6 1 1 0 1 8 1 3 1 3
CLUV 29 28 29 28 29 28 29
LABH 29 28 0 13 29 26 29
RT 29 29 1 1 6 27 29 28
Hunt 1 1 1 1 0 0 2 1 5 1 2
Nay 1 5 1 6 1 3 0 14 1 7
RLAB 8 1 6 0 0 1 1 7 1 2
Orchid
VK 1 9 7 1 2 1 7 1 0 2 8
CLAB 1 0 3 9 8 7 1 4 4
CLUV 22 26 26 28 25 1 2 21
LABH 1 7 20 3 1 4 26 1 0 22
RT 1 2 21 1 1 5 1 6 8 I 21
Hunt 1 9 22 4 3 1 3 2 1 6
Nay 27 1 5 1 7 1 9 21 27 27
RLAB 21 25 8 7 8 13 2
Musician
VK 1 8 1 3 2 22 1 5 1 9
CLAB 1 1 0 0 3 13 1 2 9
CLUV 28 29 27 29 29 26 27
LABH 26 29 2 1 2 25 26 24
RT 27 26 0 1 7 24 21 25
Hunt 7 1 6 0 4 5 9 1 2
Nay 14 17 3 3 8 20 1 8
RLAB 1 0 20 2 5 4 1 7 1 1
Candles
VK 22 2 5 8 1 9 23 26
CLAB 7 1 7 3 1 0 1 4 1 2
CLUV 27 28 28 28 27 28 27
LABH 24 22 1 1 4 23 26 23
RT 21 26 1 1 5 24 23 22
Hunt 1 0 1 9 2 6 5 20 9
Nay 6 15 1 3 6 9 6
RLAB 3 1 7 2 6 7 20 23
E-5
TABLE E-5. Normalized matrix at 1/3 luminance level
VK CLAB CLUV LABH RT Hunt Nay RLAB
Total
VK 0.71 0.09 0.17 0.23 0.59 0.47 0.64
CLAB 0.29 0.04 0.15 0.12 0.41 0.46 0.33
CLUV 0.91 0.96 0.95 0.97 0.95 0.81 0.90
LABH 0.83 0.85 0.05 0.46 0.89 0.76 0.84
RT 0.77 0.88 0.03 0.54 0.78 0.70 0.83
Hunt 0.41 0.59 0.05 0.11 0.22 0.40 0.42
Nay 0.53 0.54 0.19 0.24 0.30 0.60 0.59
RLAB 0.36 0.67 0.10 0.16 0.17 0.58 0.41
Fruit
Basket
VK 0.79 0.00 0.00 0.00 0.62 0.48 0.72
CLAB 0.21 0.03 0.03 0.00 0.62 0.45 0.45
CLUV 1.00 0.97 1.00 0.97 1.00 0.97 1.00
LABH 1.00 0.97 0.00 0.45 1.00 0.90 1.00
RT 1.00 1.00 0.03 0.55 0.93 1.00 0.97
Hunt 0.38 0.38 0.00 0.00 0.07 0.52 0.41
Nay 0.52 0.55 0.03 0.10 0.00 0.48 0.59
RLAB 0.28 0.55 0.00 0.00 0.03 0.59 0.41
Orchid
VK 0.66 0.24 0.41 0.59 0.34 0.07 0.28
CLAB 0.34 0.10 0.31 0.28 0.24 0.48 0.14
CLUV 0.76 0.90 0.90 0.97 0.86 0.41 0.72
LABH 0.59 0.69 0.10 0.48 0.90 0.34 0.76
RT 0.41 0.72 0.03 0.52 0.55 0.28 0.72
Hunt 0.66 0.76 0.14 0.10 0.45 0.07 0.55
Nay 0.93 0.52 0.59 0.66 0.72 0.93 0.93
RLAB 0.72 0.86 0.28 0.24 0.28 0.45 0.07
Musician
VK 0.62 0.03 0.10 0.07 0.76 0.52 0.66
CLAB 0.38 0.00 0.00 0.10 0.45 0.41 0.31
CLUV 0.97 1.00 0.93 1.00 1.00 0.90 0.93
LABH 0.90 1.00 0.07 0.41 0.86 0.90 0.83
RT 0.93 0.90 0.00 0.59 0.83 0.72 0.86
Hunt 0.24 0.55 0.00 0.14 0.17 0.31 0.41
Nay 0.48 0.59 0.10 0.10 0.28 0.69 0.62
RLAB 0.34 0.69 0.07 0.17 0.14 0.59 0.38
Candles
VK 0.76 0.07 0.17 0.28 0.66 0.79 0.90
CLAB 0.24 0.03 0.24 0.10 0.34 0.48 0.41
CLUV 0.93 0.97 0.97 0.97 0.93 0.97 0.93
LABH 0.83 0.76 0.03 0.48 0.79 0.90 0.79
RT 0.72 0.90 0.03 0.52 0.83 0.79 0.76
Hunt 0.34 0.66 0.07 0.21 0.17 0.69 0.31
Nay 0.21 0.52 0.03 0.10 0.21 0.31 0.21
RLAB 0.10 0.59 0.07 0.21 0.24 0.69 0.79
E-6
TABLE E-6. Z-score matrix at 1/3 luminance level
VK CLAB CLUV LABH RT Hunt Nay RLAB
Total
VK " ':-': :.,";' ' 0.52 -1.41 -0.95 -0.74 0.23 -0.10 0.33
CLAB -0.55 -1.75 -1.08 -1.18 -0.23 -0.13 -0.47
CLUV 1.34 1.65 1.56 1.88 1.56 0.88 1.23
LABH 0.92 1.04 -1 .65 -0.13 1.18 0.67 0.99
RT 0.71 1.13 -2.05 0.10 0.77 0.50 0.92
Hunt -0.25 0.20 -1 .65 -1.23 -0.81 -0.28 -0.20
Nay 0.08 0.10 -0.92 -0.71 -0.52 0.25 0.20
RLAB -0.36 0.44 -1 .28 -1.04 -0.95 0.18 -0.23
SUM 1.89 5.08 -10.71 -3.35 -2.45 3.94 1.31 3.00
Fruit
Basket
VK 0.81 -2.33 -2.33 -2.33 0.31 -0.05 0.58
CLAB -0.84 -1 .88 -1 .88 -2.33 0.31 -0.15 -0.15
CLUV 2.33 1.75 2.33 1.75 2.33 1.75 2.33
LABH 2.33 1.75 -2.33 -0.15 2.33 1.23 2.33
RT 2.33 2.33 -1 .88 0.13 1.48 2.33 1.75
Hunt -0.33 -0.33 -2.33 -2.33 -1 .56 0.03 -0.23
Nay 0.03 0.13 -1.88 -1.28 -2.33 -0.05 0.20
RLAB -0.61 0.13 -2.33 -2.33 -1 .88 0.20 -0.23
SUM 5.24 6.57 -14.96 -7.69 -8.83 6.91 4.91 6.81
Orchid
VK 0.39 -0.71 -0.23 0.2 -0.41 -1.56 -0.61
CLAB -0.41 -1 .28 -0.5 -0.61 -0.71 -0.05 -1.13
CLUV 0.67 1.23 1.23 1.75 1.08 -0.23 0.58
LABH 0.2 0.47 -1 .28 -0.05 1.23 -0.41 0.67
RT -0.23 0.58 -1 .88 0.03 0.13 -0.61 0.58
Hunt 0.39 0.67 -1 .13 -1.28 -0.15 -1 .56 0.13
Nay 1.48 0.03 0.2 0.39 0.58 1.48 1.48
RLAB 0.58 1.08 -0.61 -0.71 -0.61 -0.15 -1 .56
SUM 2.68 4.45 -6.69 -1 .07 1.11 2.65 -5.98 1.7
Musician
VK 0.31 -1 .88 -1 .28 -1.56 0.67 0.03 0.39
CLAB -0.33 -2.33 -2.33 -1.28 -0.15 -0.23 -0.50
CLUV 1.75 2.33 1.48 2.33 2.33 1.23 1.48
LABH 1.23 2.33 -1 .56 -0.23 1.08 1.23 0.92
RT 1.48 1.23 -2.33 0.20 0.92 0.58 1.08
Hunt -0.71 0.13 -2.33 -1.13 -0.95 -0.50 -0.23
Nay -0.05 0.20 -1 .28 -1.28 -0.61 0.47 0.31
RLAB -0.41 0.47 -1 .56 -0.95 -1.13 0.20 -0.33
SUM 2.96 7.00 -13.27 -5.29 -3.43 5.52 2.01 3.45
Candles
VK 0.67 -1.56 -0.95 -0.61 0.39 0.81 1.23
CLAB -0.71 -1 .88 -0.71 -1 .28 -0.41 -0.05 -0.23
CLUV 1.48 1.75 1.75 1.75 1.48 1.75 1.48
LABH 0.92 0.67 -1 .88 -0.05 0.81 1.23 0.81
RT 0.58 1.23 -1.88 0.03 0.92 0.81 0.67
Hunt -0.41 0.39 -1.56 -0.84 -0.95 0.47 -0.50
Nay -0.84 0.03 -1.88 -1 .28 -0.84 -0.50 -0.84
RLAB -1.28 0.20 -1.56 -0.84 -0.71 0.47 0.81
SUM -0.26 4.94 -12.20 -2.84 -2.69 3.16 5.83 2.62
E-7
TABLE E-7. Count Tally sheet at 3 times luminance level
VK CLAB CLUV LABH RT Hunt Nay RLAB
Total
VK 57 6 19 24 60 1 3 51
CLAB 59 7 1 2 39 54 9 59
CLUV 110 109 11 1 1 12 108 80 109
LABH 97 104 5 73 97 44 93
RT 92 77 4 43 88 39 91
Hunt 56 62 8 19 28 1 6 45
Nay 103 107 36 72 77 100 102
RLAB 65 57 7 23 25 71 1 4
Fruit
Basket
VK 1 4 1 0 1 21 3 12
CLAB 1 5 1 0 3 1 6 4 1 5
CLUV 28 28 28 28 27 24 29
LABH 29 29 1 20 29 1 7 28
RT 28 26 1 9 29 1 4 28
Hunt 8 1 3 2 0 0 2 9
Nay 26 25 5 1 2 15 27 27
RLAB 1 7 1 4 0 1 1 20 2
Orchid
VK 9 2 6 7 1 7 0 20
CLAB 20 2 3 20 21 1 23
CLUV 27 27 28 26 25 5 24
LABH 23 26 1 13 20 1 22
RT 22 9 3 1 6 16 1 1 9
Hunt 1 2 8 4 9 1 3 1 7
Nay 29 28 24 28 28 28 29
RLAB 9 6 5 7 10 22 0
Musician
VK 1 5 0 2 6 9 2 6
CLAB 1 4 0 2 5 9 0 1 4
CLUV 29 29 28 29 29 25 29
LABH 27 27 1 21 27 1 6 24
RT 23 24 0 8 25 1 3 27
Hunt 20 20 0 2 4 5 1 4
Nay 27 29 4 13 16 24 26
RLAB 23 15 0 5 2 15 3
Candles
VK 1 9 3 1 1 1 0 13 8 13
CLAB 10 4 7 1 1 8 4 7
CLUV 26 25 27 29 27 26 27
LABH 1 8 22 2 1 9 21 1 0 1 9
RT 1 9 1 8 0 1 0 1 8 1 1 1 7
Hunt 1 6 21 2 8 1 1 8 1 5
Nay 21 25 3 1 9 18 21 20
RLAB 1 6 22 2 1 0 1 2 1 4 9
E-8
TABLE E-8. Normalized matrix at 3 times luminance level
VK CLAB CLUV LABH RT Hunt Nay RLAB
Total
VK 0.49 0.05 0.16 0.21 0.52 0.11 0.44
CLAB 0.51 0.06 0.10 0.34 0.47 0.08 0.51
CLUV 0.95 0.94 0.96 0.97 0.93 0.69 0.94
LABH 0.84 0.90 0.04 0.63 0.84 0.38 0.80
RT 0.79 0.66 0.03 0.37 0.76 0.34 0.78
Hunt 0.48 0.53 0.07 0.16 0.24 0.14 0.39
Nay 0.89 0.92 0.31 0.62 0.66 0.86 0.88
RLAB 0.56 0.49 0.06 0.20 0.22 0.61 0.12
Fruit
Basket
VK 0.48 0.03 0.00 0.03 0.72 0.10 0.41
CLAB 0.52 0.03 0.00 0.10 0.55 0.14 0.52
CLUV 0.97 0.97 0.97 0.97 0.93 0.83 1.00
LABH 1.00 1.00 0.03 0.69 1.00 0.59 0.97
RT 0.97 0.90 0.03 0.31 1.00 0.48 0.97
Hunt 0.28 0.45 0.07 0.00 0.00 0.07 0.31
Nay 0.90 0.86 0.17 0.41 0.52 0.93 0.93
RLAB 0.59 0.48 0.00 0.03 0.03 0.69 0.07
Orchid
VK 0.31 0.07 0.21 0.24 0.59 0.00 0.69
CLAB 0.69 0.07 0.10 0.69 0.72 0.03 0.79
CLUV 0.93 0.93 0.97 0.90 0.86 0.17 0.83
LABH 0.79 0.90 0.03 0.45 0.69 0.03 0.76
RT 0.76 0.31 0.10 0.55 0.55 0.03 0.66
Hunt 0.41 0.28 0.14 0.31 0.45 0.03 0.24
Nay 1.00 0.97 0.83 0.97 0.97 0.97 1.00
RLAB 0.31 0.21 0.17 0.24 0.34 0.76 0.00
Musiciar
VK 0.52 0.00 0.07 0.21 0.31 0.07 0.21
CLAB 0.48 0.00 0.07 0.17 0.31 0.00 0.48
CLUV 1.00 1.00 0.97 1.00 1.00 0.86 1.00
LABH 0.93 0.93 0.03 0.72 0.93 0.55 0.83
RT 0.79 0.83 0.00 0.28 0.86 0.45 0.93
Hunt 0.69 0.69 0.00 0.07 0.14 0.17 0.48
Nay 0.93 1.00 0.14 0.45 0.55 0.83 0.90
RLAB 0.79 0.52 0.00 0.17 0.07 0.52 0.10
Candles
VK 0.66 0.10 0.38 0.34 0.45 0.28 0.45
CLAB 0.34 0.14 0.24 0.38 0.28 0.14 0.24
CLUV 0.90 0.86 0.93 1.00 0.93 0.90 0.93
LABH 0.62 0.76 0.07 0.66 0.72 0.34 0.66
RT 0.66 0.62 0.00 0.34 0.62 0.38 0.59
Hunt 0.55 0.72 0.07 0.28 0.38 0.28 0.52
Nay 0.72 0.86 0.10 0.66 0.62 0.72 0.69
RLAB 0.55 0.76 0.07 0.34 0.41 0.48 0.31
E-9
TABLE E-9. Z-score matrix at 3 times uminance level
VK CLAB CLUV LABH RT Hunt Nay RLAB
Total
VK -0.03 -1.65 -0.99 -0.84 0.03 -1.23 -0.18
CLAB 0.00 -1 .56 -1.28 -0.44 -0.10 -1 .48 0.00
CLUV 1.56 1.48 1.65 1.75 1.48 0.47 1.48
LABH 0.95 1.23 -1.75 0.31 0.95 -0.33 0.84
RT 0.81 0.41 -1.88 -0.33 0.67 -0.44 0.77
Hunt -0.05 0.08 -1.56 -0.99 -0.71 -1.13 -0.31
Nay 1.18 1.41 -0.50 0.31 0.41 1.08 1.13
RLAB 0.15 -0.03 -1 .56 -0.88 -0.81 0.28 -1 .18
SUM 4.60 4.55 -10.46 -2.51 -0.33 4.39 -5.32 3.73
Fruit
Basket
VK -0.05 -1.88 -2.33 -1.88 0.58 -1 .28 -0.23
CLAB 0.03 -1 .88 -2.33 -1.28 0.13 -1 .13 0.03
CLUV 1.75 1.75 1.75 1.75 1.48 0.92 2.33
LABH 2.33 2.33 -1 .88 0.47 2.33 0.20 1.75
RT 1.75 1.23 -1.88 -0.50 2.33 -0.05 1.75
Hunt -0.61 -0.15 -1 .56 -2.33 -2.33 -1 .56 -0.50
Nay 1.23 1.08 -0.95 -0.23 0.03 1.48 1.48
RLAB 0.20 -0.05 -2.33 -1.88 -1.88 0.47 -1 .56
SUM 6.68 6.14 -12.36 -7.85 -5.12 8.80 -4.46 6.61
Orchid
VK -0.5 -1.56 -0.84 -0.71 0.2 -2.33 0.47
CLAB 0.47 -1 .56 -1.28 0.47 0.58 -1 .88 0.81
CLUV 1.48 1.48 1.75 1.23 1.08 -0.95 0.92
LABH 0.81 1.23 -1 .88 -0.15 0.47 -1 .88 0.67
RT 0.67 -0.5 -1.28 0.13 0.13 -1 .88 0.39
Hunt -0.23 -0.61 -1.13 -0.5 -0.15 -1.88 -0.71
Nay 2.33 1.75 0.92 1.75 1.75 1.75 2.33
RLAB -0.5 -0.84 -0.95 -0.71 -0.41 0.67 -2.33
SUM 5.03 2.01 -7.44 0.3 2.03 4.88 -13.13 4.88
Musician
VK 0.03 -2.33 -1.56 -0.84 -0.50 -1 .56 -0.84
CLAB -0.05 -2.33 -1.56 -0.95 -0.50 -2.33 -0.05
CLUV 2.33 2.33 1.75 2.33 2.33 1.08 2.33
LABH 1.48 1.48 -1 .88 0.58 1.48 0.13 0.92
RT 0.81 0.92 -2.33 -0.61 1.08 -0.15 1.48
Hunt 0.47 0.47 -2.33 -1.56 -1.13 -0.95 -0.05
Nay 1.48 2.33 -1.13 -0.15 0.13 0.92 1.23
RLAB 0.81 0.03 -2.33 -0.95 -1.56 0.03 -1 .28
SUM 7.33 7.59 -14.66 -4.64 -1.44 4.84 -5.06 5.02
Candles
VK 6.39 -1 .28 -0.33 -0.41 -0.15 -0.61 -0.15
CLAB -0.41 -1.13 -0.71 -0.33 -0.61 -1.13 -0.71
CLUV 1.23 1.08 1.48 2.33 1.48 1.23 1.48
LABH 0.31 0.67 -1 .56 0.39 0.58 -0.41 0.39
RT 0.39 0.31 -2.33 -0.41 0.31 -0.33 0.20
Hunt 0.13 0.58 -1.56 -0.61 -0.33 -0.61 0.03
Nay 0.58 1.08 -1.28 0.39 0.31 0.58 0.47
RLAB 0.13 0.67 -1.56 -0.41 -0.23 -0.05 -0.50
SUM 2.36 4.78 -10.70 -0.60 1.73 2.14 -2.36 1.71
E-10
Appendix F Successive Haploscopic Device
Fig. F-l Mechanical drawing of successive haploscopic device
F-l
Appendix G Z scores of the normal distribution
corresponding to proportions (p)
TABLE G-l. Z-scores corresponding to proportions (Gescheider, 1985)
p z P Z P z P z
0.01 -2.33 0.26 -0.64 0.51 0.03 0.76 0.71
0.02 -2.05 0.27 -0.61 0.52 0.05 0.77 0.74
0.03 -1.88 0.28 -0.58 0.53 0.08 0.78 0.77
0.04 -1.75 0.29 -0.55 0.54 0.10 0.79 0.81
0.05 -1.65 0.30 -0.52 0.55 0.13 0.80 0.84
0.06 -1.56 0.31 -0.50 0.56 0.15 0.81 0.88
0.07 -1.48 0.32 -0.47 0.57 0.18 0.82 0.92
0.08 -1.41 0.33 -0.44 0.58 0.20 0.83 0.95
0.09 -1.34 0.34 -0.41 0.59 0.23 0.84 0.99
0.10 -1.28 0.35 -0.39 0.60 0.25 0.85 1.04
0.11 -1.23 0.36 -0.36 0.61 0.28 0.86 1.08
0.12 -1.18 0.37 -0.33 0.62 0.31 0.87 1.13
0.13 -1.13 0.38 -0.31 0.63 0.33 0.88 1.18
0.14 -1.08 0.39 -0.28 0.64 0.36 0.89 1.23
0.15 -1.04 0.40 -0.25 0.65 0.39 0.90 1.28
0.16 -0.99 0.41 -0.23 0.66 0.41 0.91 1.34
0.17 -0.95 0.42 -0.20 0.67 0.44 0.92 1.41
0.18 -0.92 0.43 -0.18 0.68 0.47 0.93 1.48
0.19 -0.88 0.44 -0.15 0.69 0.50 0.94 1.56
0.20 -0.84 0.45 -0.13 0.70 0.52 0.95 1.65
0.21 -0.81 0.46 -0.10 0.71 0.55 0.96 1.75
0.22 -0.77 0.47 -0.08 0.72 0.58 0.97 1.88
0.23 -0.74 0.48 -0.05 0.73 0.61 0.98 2.05
0.24 -0.71 0.49 -0.03 0.74 0.64 0.99 2.33
0.25 -0.67 0.50 0.00 0.75 0.67
G-l
Appendix H Hard copy Samples
Note : The pictures included in this section may not represent actual images
accurately as used in the experiment due to aging and variability, both
of which were not tested.
Samples are in the order of
1. Originals
2. von Kries
3. CIELAB
4. CIELUV
5. HNULAB
6. Reilly-Tannenbaum
7. Hunt
8. Hunt (1/3 luminance level)
9. Hunt (3 times luminance level)
10. Nayatani
11. Nayatani (1/3 luminance level)
12. Nayatani (3 times luminance lelvel)
13. RLAB (marked as Fairchild 91)
14. RLAB (1/3 luminance level) (marked as Fairchild 91 (1/3X))
15. RLAB (3 times luminance level) (marked as Fairchild 91 (3X))
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